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A  TEMPERATURE-INSENSITIVE  PNEUMATIC 
OSCILLATOR  AND  A  PRESSURE-CONTROLLED  PNEUMATIC  OSCILLATOR 


by 


J.  M.  Kirshner 
C.  J.  Campagnuolo 


ABSTRACT 


Theoretical  developments  and  confirmatory  experimental  results  are 
given  for  (l)  an  oscillator  insensitive  to  temperature  (over  a  limited 
range)  and  (2)  an  oscillator  with  frequency  proportional  to  pressure. 

1 .  A  Temperature-Insensitive  Oscillator 

For  certain  purposes  it  is  desirable  to  have  a  pneumatic  oscillator 
whose  frequency  is  relatively  insensitive  to  temperature. 

Although  the  speed  of  sound  in  free  space  is  proportional  to  the 
square  root  of  the  temperature,  the  complex  speed  of  propagation  of  a 
wave  in  a  duct  is  a  function  of  the  distributed  inertance,  capacitance, 
and  resistance. 

The  magnitude  of  the  complex  speed  of  propagation  in  a  duct  of 
constant  cross  section  is  given  approximate! v  for  small  amplitude  waves 

by 


a 


4 


1 


+ 


R2 

u)2  L2 


where  c 
a 


T 

R 


0) 

L 


complex  speed  of  wave  propagation 

free  speed  of  sound,  proportional  to  T1/2 

temperature 

resistance  per  unit  length  of  duct 
angular  frequency 
inertance  per  unit  length 


R  and  L  in  turn  are  given  for  a  circular  duct  by 


(1) 


8np 

R  =  - 

A2 


where  y 
A 

P 


L  = 


P 


A 


viscosity,  approximately  proportional  to  T3^ 

area  of  the  duct 

density  of  the  fluid  used 
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On  the  basis  of  the  ideal  gas  law, 


P  = 


P  T 
g 


where  R_  is  the  gas  constant  for  the  particular  gas  used, 

O 

In  terms  of  the  temperature  then. 


al 


a2 


(?) 


T7'  a^- pT" 


where  aj  and  a2  are  constants. 

Inspection  of  equation  2  shows  that  for  T  =  0  and  for  T  -+  «, 

| c  j  =  0;  consequently  |c|  has  a  maximum  value  at  some  temperature  and 
should  be  least  sensitive  to  temperature  in  the  vicinity  of  the  maximum. 

It  follows  that  if  a  uniform  duct  is  used  in  the  feedback  path  of 
the  oscillator,  the  frequency  will  be  temperature  insensitive  if  the 
speed  of  propagation  is  temperature  insensitive  since 


i 

where  l  is  the  path  length  (which  in  many  oscillators  will  be  twice  the 
length  of  the  duct  used). 

In  general  the  uniform  duct  will  not  make  up  the  entire  path  length 
of  interest.  This,  however,  will  affect  the  results  only  quantitatively; 
i.e.,  there  will  still  exist  a  range  of  temperature  insensitivity. 

It  should  be  noted,  however,  that  temperature  insensitivity  is 
uDtained  at  the  expense  of  pressure  sensitivity.  This  can  be  seen  from 
equation  2  which  shows  that  whereas  for  large  A,  the  speed  of  propagation 
is  pressure  insensitive,  for  small  A,  the  propagation  speed,  and  conse¬ 
quently  the  frequency,  becomes  pressure  sensitive. 

Since  |c|  obviously  is  maximum  when  the  denominator  of  (2)  is  a 
minimum,  for  the  sake  of  simplicity  we  seek  this  minimum 
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a2  T3/2 
D  =  -  + - 

T2  uj2  A2  p2 


dD 

dT 


3a2  T1/2 
T3  ?uj2  A2  p2 


Setting  this  equal  U  zero, 


i*oj2  A2  p2 


Tm  ~  ( 


3a2 


-)2/7 


(M 


This  gives  the  temperature  Tra  at  which  the  magnitude  of  the  complex  speed 
of  sound  will  be  a  maximum  for  a  given  angular  frequency  ui,  static  pres¬ 
sure  p,  and  cross-sectional  area  A. 

The  procedure  for  making  the  oscillator  insensitive  to  temperature 
in  the  vicinity  of  a  given  temperature  Tj  is  to  let.  Ti  =  Tm  of  equation  ft. 
This  determines  the  required  value  of  oAp.  For  a  given  A  and  p,  this, 
therefore,  specifies  uj. 

From  equation  2,  |c|  is  then  given.  Finally  equation  3  is  used  to 
specify  £.  The  frequency  as  a  function  of  temperature  is  then  of  the  form 
of  figure  1.* 

We  expect  any  oscillator,  whether  with  lumped  or  distributed 
parameters,  to  act  similarly  with  temperature  although  in  many  cases 
the  materials  of  the  oscillator  may  disintegrate  or  melt  before  reaching 
the  temperature  at  which  the  frequency  is  maximum. 

The  frequency  may  be  made  even  less  sensitive  to  temperature  by  the 
following  procedure. 

Let  the  feedback  path  length  £  =  l  j  +  £2  +  .  .  .  £n . 

One  can  choose  ducts  of  length  £j,  £2 ,  etc,  each  of  a  slightly 
different  cross  section  so  that  for  a  given  frequency,  the  speed  of 
propagation  reaches  its  maximum  at  a  slightly  different  temperature  lor 
each  length.  The  frequency  will  then  be  given  by 


uj  = 


*1 


♦Figures  1  through  8  appear  on  pages  12  through  19. 
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A  sirrui'T  {  ro endure  is  to  use  a  converpinp  duct. 

By  use  of  this  technique  the  curve  can  he  flattened  in  the  vicinity 
o:  its  maxi  mun . 

Actually  tnis  proced  .  e  in  not  necessary  because  small  lucts  of 
uniform  cross  ;ection  act  in  mmy  respects  as  converrin  T  harts.  In 
particular,  because  of  the  frictional  effects,  the  !-‘ach  number,  static 
pressure,  and  static  temperature  are  functions  of  position  alonp  the 
duct;  the  Marh  number  increases  and  both  the  static  pressure  find  the 
static  temperature  decrease  in  the  downstream  direction.  A.-  a  result, 
the  speed  of  wave  j rope  ition  is  a  function  of  oosition  in  the  duct 
and  as  the  stagnation  N-nperature  ch. an p-e-  ,  the  s p<  ed  of  propagation 
increases  in  one  j  art  of  the  duct  while  decreasing  in  another  part  (if 
the  parameters  are  properly  chosen). 

liquation  I<  is  adequate  for  determining  the  region  of  temperature 
insensitivi  y  with  A  and  p  pi  von;  however,  this  may  require  excessively 
lonp  feedback  paths.  It  is  therefore  advantageous  {Tactically  t.o  start 
with  a  piven  length  in  which  case  the  calculation  is  somewhat  more 
cumbersome . 

prom  (2)  and  (3)  we  obtain 


or 


wt 

2 


al 

"  'ip  T  3/7_ 


apT7/2  j  ln22  T? 

2  A'  \>?  2  V  A**  p4  . 


((>) 


The  procedure  is  similar  to  that  previously  used;  i.e,,  the 
temperature  is  found  from  equation  6  for  which  w  is  a  maximum  after 
which  A  and  p  are  chosen  for  a  pi  ven  l  to  make  the  temperature  maximum 
(i.e.,  the  ropi  >n  of  insensitivity)  occur  in  the  vicinity  of  the 
temperature  et  which  operation  is  desired. 

2.  A  Pressure-Controlled  Oscillator 


Equation  h  sh<  ws  that  the  oscillator  may  under  certain  conditions 
be  forced  to  oscillate  at  a  frequency  approximately  proportional  to  the 
pressure.  To  do  this,  it  is  necessary  only  to  choose  i ,  A,  and  p  no  that 
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the  second  tern  under  the  radical  of  equation  '  is  small  com:  are  i  with 
the  first  term,  in  which  case 


a2T7/2 


whence 

(  )  7  A  a  i  1  ^  7 

U>  -  - 

i7  T3/'*  a2  1  /2 


Ixi 


-7/? 


'a2  d2 


^{2v)i4u]hl'\  14 


n  U 

K 


(7) 


(8) 


which  is  the  relation  desired  for  a  pressure-controlled  oscillator.  F’or 
maximum  sensitivity  the  coefficient  of  j  in  equation  7  should  be  made  as 
large  os  possible  but  with  the  restriction  that  the  secon  term  unier 
the  radical  of  equation  6  remain  small  compared  with  the  first  term.  Since 
l  and  A  enter  equation  6  as  terms  of  fhe  fourtn  degree  but  A  is  only  of  the 
first  degree  in  equation  7  whereas  C.  is  of  second  degree,  it  follows  that 
a  reduction  of  l  keeping  the  ratio  of  A/C.  constant  will  result  in  a  larger 
coefficient  of  p  without  a  change  in  the  accuracy  of  the  approx '  mat i on . 


It  is  useful  to  normalize  equation  7  as  suggested  by  .1.  R.  Koto. 
Returning  to  equation  1  and  using  the  previously  given  values  for  R,  L, 
etc.  Koto  obtains 


—  =  —  {(1  +  l.n4)17"-  1}1A 

w°  n  J~2 

where 

.^a 

i 

and 

Aa  _  Aa 

Uu  P  =  l*iuPcT  r 

o 

A  plot  of  oj / aj0  as  a  function  of  n  is  shewn  in  figure  2,  where  it  is 
seen  that  the  relationship  is  approximately  linear  for  n  <  0.5- 
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3.  Kxceri  mentjJ.  Results 


The  oscillator  test'-;  is  s:.o«n  i  r.  fi  r;r*'  3 . 
used  because  of  i  to  big:.-  r  ga i  .  A;  ;  r*  ha:  le  >'ai 
for  the  attenuat  ion  t:.at  occur,  i  r.  t.\e  feet  a  :v.  1 
fact  that  a  binary  ar.pl  i  f  ier  vac  u  >j  l ,  an  out:  j‘ 
was  obtained  because  of  the  filtering  action  f  t 


A  :  i a  ry  am:  1  i  f  1  »*r 


max  -  ■ 


v  as 


1  i  al 


Figure  I*  shows  the  experimental  curv^  in  the  vlci;  i  *.v  of  Its  maximum 
for  the  oscillator  whose  tr.e-  ret;  cal  curv>*  is  g  ven  in  figure  1.  As 
expected,  the  curve  is  flatter  than  th  1  sir.ile  theory  tr^ii  -ts  rrTatly 
for  the  reasons  given;  i.e.,  the  Mach  num:*-r  in  the  feedback,  line,  arid 
consequently  both  temperature  and  pressure  in  the  line  are  functions  of 
pos i t i on  , 


The  temperature  region  at  which  the  frequency  peaks  is  shifted 
appreciably  from  the  theoretical  curve;  however,  error  is  to  be  expected 
because  of  the  many  variables  not  taken  into  account;  these  include  the 
variations  of  Mach  number  with  position,  the  capacitance  of  the  ampli¬ 
fier  itself,  the  switching  time  of  the  amplifier,  and  the  nonlinear 
effects  due  to  the  waves  being  of  large  ampditude. 

Figure  5  shows  that  with  a  feedback  line  of  smaller  cross-sectional 
area,  the  peak  is  shifted  to  lower  temperatures  as  predicted,  and  the 
frequency  then  decreases  with  increasing  temperature. 

In  figure  6,  the  theoretical  frequency /pressure  dependence  is 
compared  with  the  experimental  values.  The  discrepancy  between  the 
curves  is  not  so  great  as  that  between  theoretical  and  experimental 
frequency  peaks,  but  is  'undoubtedly  due  to  the  same  causes. 

In  order  to  determine  whether  this  effect  occurs  in  lumped  circuits, 
the  oscillator  of  figure  7  was  tested.  It  was  found  that  the  feedback 
resistance  could  be  adjusted  to  obtain  a  frequency  peak  in  the  same 
temperature  reblon.  The  curve  obtained  in  this  case  (figure  8),  however, 
is  not  as  flat  as  when  a  duct  is  used  in  a  distributed  RC  feedback 
oscillator. 


*The  curves  of  figures  1  arid  6  are  obtained  using  the  equations 
given  in  this  paper  and  with  the  assumption  that  the  Mach  number  in  the 
duct  is  unity;  however,  it  should  be  noted  that  the  Mach  number  may  be 
appreciably  different  from  unity  at  the  duct  entrance  and  reaches  unity 
only  at  th e  exit.  In  addition,  the  assumptions  under  which  equation  1  is 
derived  do  not  hold  (small  signals,  constant  viscosity);  hence, 
quantitative  agreement  is  not  to  be  expected. 
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DEVELOPMENT  OF  A  PRESSURE  CONTROLLED 
OSCILLATOR  FOR  FM  SYSTEMS 


R  —  7  — 11-65 


Francis  M.  Manion 
Bowles  Engineering  Corporation 


PRESSURE  CONTROLLED  OSCILLATOR 


S  u  m  it.  a  ry 


A  primary  component  in  the  development  of  a  freqjency  modulating 
system  is  the  Pressure  Controlled  Oscillator  which  converts  a  pressure 
signal  from  a  sensor  Into  an  equivalent  frequency. 

This  section  describes  the  development  of  a  PCO.  A  schematic  Is 
shown  with  some  performance  test  data  in  Figure  1.*  This  oscillator 
has  a  linear  relationship  between  signal  input  pressure  and  output 
frequency  with  a  conversion  rate  of  over  800  cycles  per  second  per 
psi  and  a  useful  range  of  80  cps,  {±  40  cps)  when  operating  around 
100  cps  . 

The  oscillator  is  a  feedback  type  that  utilizes  a  change  in  jet  transport 
time  to  change  its  frequency.  This  is  accomplished  by  the  design  of  a 
special  feedback  circuit  to  effect  the  necessary  phase  shift  in  the  feed- 
back  loop  to  obtain  the  linear  relationship.  The  development  of  this 
oscillator  was  preceded  by  a  survey  of  the  available  types  of  pure  fluid 
oscillators.  The  results  of  this  survey  indicated  that  the  proportional 
feedback  type  was  most  promising.  A  conceptional  model  was  then 
developed  with  the  aid  of  some  experiments.  The  mathematical  study 
determined  the  assign  requirements  for  a  linear  characteristic. 

Preliminary  Evaluation 

In  the  preliminary  evaluation  of  oscillators,  to  determine  which  type 
was  most  uited  as  a  pressure  controlled  oscillator,  four  different 
oscillator  techniques  were  evaluated.  These  are 

Feedback  Oscillator 
Coupled  Control  Oscillator 
Load  Sensitive  Oscillator 
Turbulence  Oscillator 

The  operation  of  each  of  these  oscillators  is  described  below  ind  is 
followed  by  an  evaluation  of  their  applicability  as  a  pressure  .-ontroll*' 
oscillator . 

Face  back  C  ;ci  Hat  or 

The  feedback  oscillator  is  shown  m  Figure  2.  This  device  ,s  similar 
to  the  daruiarci  fluid  amplifiers.  The  output  signal  is  fee,  Evk  k  ana 

•Figures  start  on  page  33. 
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applied  as  a  negative  signal  at  the  amplifier's  control  port.  The 
amplifier  car  be  either  a  digital  (bistable)  device  or  a  stream  inter¬ 
action  proportional  element.  In  the  case  of  the  bistable  element,  the 
output  signal  is  fed  back  to  switch  the  jet.  In  a  proportional  element, 
the  power  stream  is  continually  directed  by  the  difference  of  the  two 
control  streams  and,  therefore,  the  output  is  essentially  sinusoidal. 

The  frequency  of  the  feedback  oscillator  is  determined  by  the  transport 
time  of  the  stream  between  the  nozzle  and  the  collectors  and  by  the 
passive  components  in  the  feedback  path.  A  bistable  amplifier  exhibits 
a  sawtooth  characteristic  in  its  feedback  path  as  the  pressure  builds  up 
to  the  switch  level  and  then  decays  after  the  device  changes  state.  A 
proportional  element  has  to  have  considerable  phase  lag  in  its  feedback 
path  in  order  to  oscillate.  This  is  because  the  transport  time  of  the 
power  jet  from  the  nozzle  to  the  output  collectors  is  very  small  and  for 
a  given  frequency  the  phase  lag  is  small.  As  a  result,  the  feedback 
impedance  of  this  oscillator  must  include  resistance,  inductance,  and 
capacitance  components  to  obtain  sufficient  phase  shift  for  the  oscil¬ 
lation  to  occur.  The  variable  frequency  characteristics  are  obtained  by 
using  the  transport  time  of  the  jet  or  its  variance  of  entrainment  which 
will  cause  different  switch  levels  for  the  bistable  device. 

Coupled  Control  Oscillator 

The  coupled  control  oscillator  is  a  bistable  element,  Figure  3.  This 
element  increases  its  frequency  somewhat  as  the  supply  pressure  is 
increased.  The  frequency  of  operation  depends  on  the  resistance  and 
inductance  and  capacitance  effects  of  the  inter-connected  control  ports. 
When  the  pressure  is  applied,  the  resulting  jet  attaches  itself  to  one 
of  the  sidewalls.  This  introduces,  by  aspiration,  a  negative  pressure 
in  the  control  purt  of  this  sidewall,  and  this  pressure  forces  fluid  to 
move  toward  the  low  pressure  control  port.  The  time  required  to  es¬ 
tablish  flow  to  the  level  that  will  release  the  power  jet  from  the  side- 
wall  is  then  determined  by  the  sonic  transport  time  and  the  response 
time  of  the  passive  network  which  couples  the  control  ports.  By 
raising  the  signal  pressure,  ps  ,  a  decrease  in  the  pressure  in  the 
attachment  bubble  occurs  and  as  a  result  it  increases  the  driving  force 
in  the  interconnection  line.  This  increased  driving  force  is  dominant 
and  the  time  required  to  obtain  the  necessary  flow  tc  switch  the  element 
is  decreased  for  high  pressure  signals. 

Load  Tensitive  Oscillator 

The  load  sensitive  oscillator  shown  in  Figure  4  is  ,  in  a  sense,  the 
same  type  of  osci  llator  as  provided  in  the  feedback  device  of  Figure  2 
except  that  the  feedback  path  is  along  the  sidewall  of  the  output 
passageway.  Again  the  power  stream-  signal  flow  establishes  itself  on 
one  sidewall  and  a  negative  pressure  in  the  attachment  bubble  holds  the 
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jet  to  the  sidewall.  However,  in  this  element,  as  a  pressure  rises  in 
the  loaded  output  passage,  the  attachment  bubble  is  broken  and  the 
power  jet  is  released  from  the  wall.  The  jet  then  attaches  itself  to 
the  opposite  sidewall  and  the  sequence  of  events  is  repeated.  In  this 
type  of  element  the  time  required  for  the  pressure  to  break  the  attach¬ 
ment  bubble  is  determined  by  the  output  leg  volume  and  the  flow  rate 
into  the  volume.  As  a  result,  the  time  for  a  cycle  of  events  to  occur 
decreases  as  supply  pressure  increases. 

Turbulence  Oscillator 


The  turbulence  or  Bell  amplifier  is  used  as  a  bistable  element  and 
changes  state  by  a  transition  from  a  laminar  to  a  turbulent  flow  regime. 
This  element  is  shown  in  Figure  5.  These  amplifiers  can  be  made  to 
oscillate  by  a  simple  feedback  connection.  In  this  arrangement  the 
initial  jet  is  laminar  and  the  pressure  recovery  in  the  output  is  high  . 

This  output  pressure  is  fed  back  as  a  control  signal  to  cause  the 
laminar  jet  to  become  turbulent  .  When  the  jet  is  turbulent,  tne  output 
pressure  is  decreased.  As  the  output  pressure  falls  the  control  signal 
is  reduced  below  a  certain  level,  and  the  jet  returns  to  its  laminar  flow 
condition.  This  device  will  change  frequency  somewhat  as  the  signal 
jet's  Reynolds  Number  is  increased  but  the  time  required  for  the  laminar 
condition  to  be  re-established  is  the  most  significant  part  of  the  response 
time  . 

Evaluation 


In  evaluating  all  the  possible  variable  frequency  oscillator  approaches, 
the  classical  feedback  oscillator,  shown  in  Figure  2,  has  demonstrated 
that  it  is  sufficiently  stable  to  perform  the  desired  function.  Each  of 
the  other  approaches  has  definite  drawbacks.  The  coupled  control  port 
oscillator  is  relatively  insensitive  to  signal  pressure  variation.  This 
is  because  the  increased  driving  force  obtained  by  the  decrease  in  the 
bubble  pressure  with  increasing  pres'ure  is  for  the  most  part  compensated 
by  a  requirement  for  a  high  switching  flow  level.  The  result  is  that  no 
significant  change  in  frequency  occurs  with  increasing  supply.  The  load 
sensitive  oscillator  by  its  very  nature  is  insufficiently  stable,  expecially 
when  coupled  to  another  element  which  varies  its  load.  In  the  turbulence 
amplifier  the  switching  cycle  is  primanly  governed  by  the  recovery  time 
of  the  jet  stream  from  the  turbulent  conditions.  This  is  the  predominant 
effect.  The  frequency  of  oscillations  are  far  below  any  transport  time 
that  can  be  computed  by  the  time  constant  of  the  feedback  path.  As  a 
result,  this  element  is  rather  insensitive  to  supply  pressure  changes. 

The  evaluation  concluded  that  the  feedback  oscillator  provides  the  best 
method  to  obtain  a  stable  oscillator  which  will  convert  a  signal  pressure 
into  an  equivalent  frequency. 


Feedback  Oscillator 


The  feedback  oscillator  can  make  use  of  either  the  wall  attachment 
phenomenon  or  the  stream  interaction  principle  to  attain  the  gain  nec¬ 
essary  for  oscillation.  The  stream  interaction  proportional  amplifier 
was  selected  because  of  its  stability  and  because  the  jet  transport  time 
could  be  used  as  a  means  to  vary  frequency.  The  bistable  device  seems 
to  be  more  susceptible  to  random  noise  a*  the  input.  For  example,  if  a 
fluctuation  is  in  or  out  of  phase  with  the  returning  control  signal,  the 
element  will  change  state  early  or  late. 

After  some  study  and  a  few  tests,  a  method  to  obtain  a  proportional 
variable  frequency  oscillator  was  devised.  The  basic  concept  of  this 
oscillator  is  a  negative  feedback  in  which  the  gain  is  greater  than  one 
and  the  oscillation  frequency  is  determined  by  the  frequency  at  which  the 
phase  shift  around  the  feedback  ioop  is  180  degrees  as  described  by 
Bode's  treatment  of  instability.  The  phase  lag  around  the  loop  can  be 
considered  to  be  made  up  of  the  transport  lag  and  the  phase  lag  of  the 
RLC  components  in  the  passive  network.  The  transport  lag  is  related  to 
the  velocity  of  the  fluid  and,  therefore,  this  decreases  as  the  pressure 
signal  increases.  Figure  6  shows  graphically  the  phase  angle  frequency 
relationship  for  the  transport  lag  and  the  feedback  lag.  Note  that  the 
phase  shift  of  the  transport  lag  increases  with  frequency  and  that  the  lag 
introduced  by  the  RLC  components  increases  up  to  180  degrees  and  there¬ 
after  remains  constant.  If  these  two  phase  lags  are  summed,  they  will 
produce  a  phase  shift  curve  which  is  zero  at  low  fiequencies  and  increases 
toward  infinity  as  the  frequency  increases.  At  the  point  where  the  summed 
phase  shift  becomes  180  degrees  the  unit  is  unstable  and  this  is  the 
frequency  of  the  oscillation. 

If  the  pressure  signal  is  increased(  the  transport  lag  decreases  and  hence 
at  any  specified  frequency  the  transport  phase  lag  also  diminishes.  In 
effect,  therefore,  the  transport  lag  curve  moves  to  the  right  with  in¬ 
creasing  supply  pressure.  Now,  for  the  higher  supply  pressure,  the 
phase  lag  components  can  be  added  and  i*  will  be  found  that  fhe  point 
at  which  the  180-degree  phase  shift  occurs  has  moved  to  a  high  frequency. 
This  is  the  mechanism  of  generating  a  frequency  dependent  upon  supply 
signal  pressure. 

The  next  consideration  is  to  determine  the  design  which  will  yield  a 
linear  relationship  between  the  supply  pressure  and  the  frequency.  It 
can  be  seen  that  the  shape  of  the  transport  lag  curve  does  not  change 
with  supply  pressure  but  moves  only  from  the  left  to  right.  However, 
the  RLC  lag  curve  can  be  designed  for  various  frequencies  and  slopes  by 
choosing  appropriate  components  of  resistance,  capacitance,  and 
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inductance  for  the  feedback  path.  A  mathematical  analysis  was  performed 
to  determine  the  feedback  network  necessary  to  obtain  a  linear  character¬ 
istic  . 


Analysis 

In  order  to  analyze  the  oscillator's  performance,  the  equation  for  phase 
shift  around  the  loop  can  be  written: 

4\  +  4>,  =  ^  a) 


and  therefore  differentiating  with  respect  to  frequency 


cA  to  cA  co 


(k 


transport  phase  angle 
feedback  phase  angle 


OJ  -  frequency 


(2) 


The  first  equation  is  necessary  for  an  oscillation  to  exist.  The 
second  equation  is  required  if  the  oscillation  is  to  have  any  frequency 
range  and  not  exist  only  at  a  unique  point . 


Assume  that 

<t>, 


(3) 

(4) 


where 

<L 


<P,  is 

’  s  the 


the  phase  shift  contribution  of  the  transport 
phase  shift  due  to  the  feedback  network. 


time 


and 


The  phase  lag  due  to  the  RLC  feedback  network  increases  with  fre¬ 
quency.  Therefore,  the  transport  phase  angle  must  decrease  witn 
increasing  frequency  to  satisfy  the  condition  of  equation  (1):  the 
total  shift  around  the  loop  is  constant  at  180°.  Inspection  of 
equation  (3)  indicates  that  the  pressure  must  vary  as  frequency  to 
a  power  greater  than  two  if  the  transport  lag  is  to  uccrease  with 
increasing  frequency.  Since  relationships  between  pressure  and 
frequency  other  than  linear  were  not  of  interest,  the  feedbaek  network 
must  be  designed  to  have  a  decreasing  phase  angle  with  increasing 
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frequency .  This  can  be  accomplished  by  an  RLC  network  with  a 
leac-lag  compensation.  In  the  frequency  range  w.nere  tne  phu-n  lean 
is  effective,  the  network  will  hav*  a  oecreasin  ;  phas-‘  anql*  'with 
increasing  frequency. 

For  a  linear  pres  ure  controlled  oscillator  tne  transport  phase  angle 
will  increase  as  This  can  be  shown  by  substitutin'.' 

into  equation  (a).  This  substitution  results  m  equation  (  ). 


If  the  transport  phase  angle  increases  as  square  root  of  frequency  , 
then  the  feedback  lag  must  decrease  as  the  square  root  of  frequency 
to  maintain  the  180°  phase  shift  around  the  loop.  The  uesign  of  the 
feedback  phase  angle — frequency  relationship  governs  the  relationship 
between  the  pressure  and  frequency. 


The  desired  feedback  network  was  obtained  by  using  an  RLC  followed 
by  a  lead-lag  circuit.  The  electrical  analog  can  be  shown  as  follows: 


This  can  be  simplified  by  actual  values  to  the  lollowing: 
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Since  the  time  constant  Tj  u  smaller  than  the  time  constant  T2, 
the  phase  relationship  appears  as  in  Figure  7. 

The  feedback  network  has  a  decreasing  phase  lag  between  the  fre¬ 
quencies  oJ,  and  gJj  ,  as  snown.  Induced  on  thi  ;  lot  are  the 
phase  lag -frequency  characteristics  for  three  input  si  cal  pressures: 

P 1 ,  P2.  and  P3.  The  associated  frequencies  at  which  the  suit,  of 
the  phase  lags  are  180°  are  cj,  ^  cd^  and  re  pectively. 

A  more  general  analysis  can  be  performed  to  show  how  tne  functional 
dependency  between  pressure  and  frequen  ;y  is  determined  by  the 
feedback  network.  Equation  (2)  defines  the  condition  for  the  oscillation 
to  exist  continuously  at  other  frequencies.  If  the  def  1  nitions of  equation 
(3)  and  (4)  are  substituted  into  equation  (2)  the  P  vs  oJ  functional  de¬ 
pendency  on  feedback  design  is  determined. 

To  perform  this  substitution,  assume  that  f  (  cO )  of  equation  (4)  can 
be  approximated  by  the  function 

<b  =  <f>  -  k  <-jr'  (b) 

t  2- 

for  the  frequency  range  of  interest. 

Differentiating  equations  (3)  and  (b)  with  respect  to  frequency  results 
in  the  following  expressions 


d  <0 


The  sun  of  equations  (7)  and  (8)  is  the  definition  of  equation  (2). 
Summing  these  equations  and  usinq  the  general  pressure  frequency 
relation , 


P  -  A  00 


(8) 


The  dependency  of  m  on  n  is  obtained.  This  dependency  is 
obtained  by  noting  that  the  solution  must  be  independent  of  fre¬ 
quency.  The  relationship  between  m  and  n  is: 

m  r  2.  (1  -n)  do) 
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For  iinear  pressure  to  frequency  characteristics  n  must  ecual  1  2. 
This  means  the  phase  angle  due  to  the  feedback  network  depends  on 
frequency  in  the  following  manner: 


$  -K  fa 


(For  the  useful  range  of  this  (11) 
device) 


Equation  (9)  defines  the  other  pressure-frequency  relationships  that 
can  be  obtained  with  a  feedback  network  whose  phase  angle  can  be 
approximated  by  equation  (b)  .  These  relationships  are: 


for  P  =  OcJ  n  =  1  2 

P  -  C/cZT  n  =  3  4 

P  =  C  CO~ '  n  =  3  2 

The  function  P  =  Ojrn  where  m  is  greater  than  2  can  be  obtained  by 
a  feedback  network  whose  phase  angle  frequency  relationship  is 
defined  by  the  equation: 

\<  ton 

For  the  case,  P  =  A  the  functional  relationship  cannot  be  obtained 

because  the  transport  .ug  will  remain  constant,  that  is,  independent  of 
frequency.  This  function  can  be  approached  in  the  design  of  a  con¬ 
stant  frequency  oscillator. 


The  linear  P  vs 
by 

CO 


Co  relationship  has  a  gain  or  conversion  rate  given 


21T  P 


2.TTA 


The  constant  A  depends  on  the  other  system  constants  and  a  mean¬ 
ingful  expression  can  be  obtained  by  using  equation  (1).  This  ex¬ 


pression  is 

_L  ,  2- 

A  ”  I/o 


Gain  = 


nr 


-<$ 


i. 


+  k)* 


(12) 


The  gain  or  conversion  rate  depends  on  K ,  1,  <£)  and  oj  .  K  and 
n  are  related  to  the  damping  ratio.  As  the  damping  ratio  increases  n 
decreases.  This  increases  the  conversion  rate  but  ^mce  n  is  defined 
for  a  linear  pres  sure -frequency  cha  racteri  sticy  th  onent  n  does  not 

determine  gain.  These  constants  are  related  to  the  pressure  range  and 
distance  atween  jet  nozzle  and  receiver.  In  general,  for  a  fixed  1, 
the  high  ‘he  operating  frequency,  which  means  the  higher  the  ptessure 
range,  the  less  the  conversion  rate. 


Development  Tests 


The  experimental  approach  was  pursued  to  obtain  a  linear  pressure 
controlled  oscillator  with  a  useful  range  of  70  to  80  cps  centered 
at  100  cycles  per  second.  This  operating  frequency  was  selected 
because  it  can  easily  be  handled  by  existing  digital  systems. 

The  experimental  method  was  used  as  a  means  to  determine  the  effects 
of  the  non-linearity  In  the  oscillator  characteristics.  It  also  permitted 
some  optimization  to  be  performed.  Several  minor  design  variations 
such  as  collector  widths  ,  distance  between  power  nozzle/  and  receivers 
were  made  to  a  silhouette  that  gave  a  nearly  linear  relationship.  These 
models  were  designed  in  silhouettes  and  fabricated  by  means  of  the 
Optiform  process.  The  elements  were  then  tested  by  use  of  the  hot 
wire  anemometer  and  a  frequency  to  DC  voltage  converter.  The  test 
arrangement  is  shown  in  Figure  8. 

The  test  arrangement  was  designed  to  plot,  on  ar.  X-Y  recorder,  the 
characteristic  relationship  between  pressure  and  frequency.  The  input 
pressure  to  the  oscillator  was  monitored  by  anemometer  and  a  Statham 
pressure  transducer.  The  output  frequency  was  detected  by  means  of 
a  hot  wire  anemometer  and  displayed  on  the  oscilloscope  for  visual 
monitoring.  The  anemometer  signal  was  also  fed  into  the  frequency 
meter  which  gave  a  DC  output  voltage  directly  proportional  to  the  input 
frequency.  The  output  of  the  frequency  meter  provided  the  other  input 
to  the  X-Y  recorder.  The  typical  X-Y  plot  of  the  performance  of  the 
oscillator  is  shown  in  Figure  9. 

The  exceptionally  large  noise  is  characteristic  of  the  frequency-to 
d.c.  converter.  The  noise  is  the  same  when  the  converter  is 
driven  by  an  electronic  sine  wave  generator,  so  that  this  noise  is 
definitely  not  due  to  the  pressure  controlled  oscillator. 

The  characteri  stic  of  Figure  9  is  linear.  Figure  10  shows  other  charac¬ 
teristics  that  were  record'd.  In  the  first  case  the  frequency  pressure 
slope  increases  with  increasing  pressure,  indicating  that  the  effective 
Dhase  angle-frequency  relationsnip  is  too  flat  (high  damping  ratio).  The 
second  curve  shows  a  decrease  of  slope  as  the  pressure  increases  and 
this  indicates  that  the  damping  is  too  low.  Figure  11  shows  still 
another  characteristic.  In  this  figure  the  slope  of  the  curve  increases, 
then  remains  constant,  and  then  further  increases.  This  effect  is  due 
to  the  non-linearity  of  the  resistance.  Increasing  the  stream  velocity 
increases  the  resistance  and  thus  increases  the  damping  ratio.  For  a 
limited  range  the  increase  in  resistance  is  compensated  by  the  reduction 
of  the  damping  ratio  which  results  from  the  frequency  increase,  but  in 
this  caoe  the  damping  atio  was  not  completely  compensated  for  by  fre¬ 
quency  and  therefore  this  :haracteri btic  resulted.  This  difficulty  can 
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be  avoided  by  carefully  designing  the  other  time  constant  m  the 
feedback  network.  It  is  also  important  to  remember  the  second  time 
constant  is  somewhat  coupled  to  tne  RLC  circuit,  and  therefore  this 
influences  the  performance  of  the  oscillator. 

Frequency  response  tests  were  not  formallv  conducted  but  some  tests 
were  performed  which  showed  that  the  oscillator  is  capable  of  follow¬ 
ing  frequencies  up  to  half  its  operating  frequency  with  no  difficulty. 

Tests  of  frequency  variation  with  temperature  were  conducted.  Analysis 
shows  that  the  frequency  should  increase  as  the  square  root  of  the 
total  temperature  but  the  test  results  indicated  that  the  frequency 
increased  in  a  manner  somewhat  less  than  this.  This  frequency  tem¬ 
perature  test  data  is  shown  in  Figure  12.  In  the  system  it  is  anticipated 
that  two  oscillators  will  be  used  and  both  oscillators  will  be  subjected 
to  the  same  temperature  environment.  As  a  result  changes  in  frequency 
due  to  temperature  will  not  greatly  influence  the  accuracy  of  the  system. 

Figure  13  shows  a  photograph  of  a  PCO  output  trace.  The  upper  trace 
is  a  wave  of  550  cps  and  the  lower  trace  is  a  wave  of  45  cps  .  These 
traces  were  made  with  the  same  PCO  element  by  reducing  the  size  of 
the  feedback  capacitance.  Figure  14  shows  two  traces  of  a  linear 
pressure -controlled  oscillator  at  80  and  120  cycles.  Both  traces  are 
essentially  sinusoidal  and  very  noise  free.  Figure  15  shows  an  oscillator 
performing  at  frequencies  of  27  5  cps  and  180  cps.  The  interesting  part 
of  this  figure  is  that  each  trace  was  repeated  50  times  in  the  photograph. 
This  indicates  the  stability  of  the  oscillator. 

For  a  fixed  oscillator  element  the  feedback  can  be  changed  in  order  to 
select  the  operating  frequency.  But,  with  a  fixed  element,  higher 
frequencies  require,  higher  input  pressures.  For  example,  the  element 
shown  in  Figure  1  will  oscillate  at  80  cps  for  one  inch  of  water  pressure. 
This  same  element  will  also  oscillate  at  500  to  600  cycles  for  one  psi 
input  pressure,  provided  suitable  resonant  frequency  changes  were  made 
the  feedback  network.  In  general,  high  frequencies  can  be  obtained  with 
low  pressures  provided  smaller  elements  are  used.  And  conversely, 
lower  frequencies  can  be  obtained  with  high  pressures  if  larger  elements 
are  used. 
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Conclusion 


In  summary,  the  pressure  controlled  oscillator  developed  is  an  excellent 
analog  to  digital  converter.  The  reason  for  its  excellence  is  its  high 
conversion  rate,  and  noise  free  signal. 

This  element  can  be  designed  analytically  and  made  to  work  in  accord¬ 
ance  with  design  theories.  However,  some  testing  is  necessary  because 
the  fluid  system  is  somewhat  non-linear.  The  analysis  presented  shows 
that  it  is  possible  for  this  element  to  perform  different  functions.  These 
functions  are  related  to  the  feedback  network  design.  In  addition,  if 
the  feedback  network  quality  factor  is  sufficiently  high,  a  very  stable 
frequency  oscillator  can  be  built.  The  one  major  advantage  of  this 
device  is  that  it  is  an  AC  device  and  can  operate  at  extremely  low 
levels  much  more  efficiently  than  DC  or  continuous  flow  devices. 

For  matching,  this  pressure  controlled  oscillator  has  an  input  pressure 
range  which  is  compatible  with  the  vortex  rate  sensor.  Figure  1  shows 
that  the  gain  of  the  oscillator  is  about  30  cycles  per  second  for  1  inch 
of  water  change  of  input  pressure,  and  the  freauency  response  of  this 
oscillator  is  at  least  half  of  its  operating  frequency;  that  is,  about 
50  cps . 
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PRESSURE  CONTROLLED  OSCILLATOR 
Phase  Angle  Characteristic  due  to  Jet  Transport  and  Feedback  Network 


Phase  Lag  Angle 

Degrees  Increasing  Signal 


Fig.  7 
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PRESSURE  CONTROLLED  OSCILLATOR 
Graphical  Determination  of  Resonant  Frequency 
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and  a  e  frequencies  where  associated  with  the  signal  press 

wnere  the  sum  of  the  transport  lag  and  feedback  phase  lag  is  180  degrees  . 
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Fig.  20 
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PRESSURE  CONTROLLED  OSCILLATOR 

Signal  Pressure  -  Frequency  Relationships  for 
Feedback  Circuits  with  High  and  Low  Damping 
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PRESSURE  CONTROLLED  OSCILLATOR 


Effect  of  a  Dominant  Nonlinear  Resistance 
on  the  Signal  Pressure  -  Frequency  Characteristic 
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PRESSURE  CONTROLLED  OSCILLATOR 
Oscilloscope  Traces  of  the  Output  of  Oscil¬ 
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In  this  paper  a  theoretical  analysis  is  made  of  tne  frequency 
resnor.se  of  liquid  flew  in  an  elastic  line  for  a  ±oad  at  one  ena  ana  an 
input  oscillator  at  tr.e  otner  end.  Interaction,  transverse  and  longit¬ 
udinal  wave  mod 03  are  analysed  for  tno  system  by  linearizing  tr.e  general 
partial  differential  equations  of  motion  for  the  liquid  and  tne  elastic 
tube  and  by  superimposing  second  order  offocts  on  the  first  order 
equations.  The  results  yield  different  superimposed  resonant  frequencies 
for  each  wave  mode  and  thoy  should  be  valid  within  the  bounds  of  tne 
assumptions  made. 


1  .  INTRODUCTION 

The  dynamic  operation  of  fluid  state  devices  using  liquids  at 
high  pressure  may  cause  significant  wavo  effects  in  tne  coi  necting  elastic 
tubing.  Lxcessivo  resonant  oscillators  could  strongly  influence  tno 
performance  of  digital,  on-off  and  proportional  systems.  Ine  p.nase  lags 
associated  witn  wave  motion  may  causo  instability  in  closed  loop  control 
systems  since  phase  lags  of  160  dogreos  or  more  are  easily  obtained. 
Finally,  signal  attenuation  una  dispersion  tnnt  occurs  in  transmission 
lines  will  reduce  tno  information  conveyed  ana  the  powor  output. 

Witn  finito  disturbances  in  liquid  filled  elastic  tubes,  waves 
may  be  transmitted  in  several  modes;  each  mode  nas  unique  wave  velocities 
and  damping  characteristics.  Usually  tne  dominant  wave  effect  for  rn 
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oscillating  liquid  in  an  elastic  tube  is  duo  to  tte  interaction  of  the 
inertia  effect  of  the  liquid  ar.i  t.no  capacitan  ■>  effect  of  the  tube.  If 
tr.e  liquid  is  sufficiently  cor, press ibie  tne  combined  capacitanco  effect 
of  liquid  compressibility  and  of  tube  compliance  is  used  to  analyze  this 
typo  of  wave  motion.  Other  wave  modes  that  have  been  observed  in  such 
systems  are  tne  transverse  and  tr,o  longitudinal  uaves  in  the  elastic 
lube. 


Tr.e  probl  jm  of  unsteady  flow  of  viscous  liquids  in  elastic 
tubes  is  not  a  new  one.  ‘r.o"  son  investigated  dynamic  liquid  waves  in  an 
infinite  thin  walled  tube.  Morgan  ana  iviely^  analysed  unsteady  viscous 
flow  in  an  infinitely  long  elastic  tube.  Womorsloy-^  re-oxaminod  anc 
extended  the  work  of  .Morgan  and  Kiolv  for  viscous  flow  in  an  ela'tic  U»be 
and  applied  the  results  to  the  case  f  blood  flow.  J unger* ,  intorostod 
in  acoustical  systems,  analysed  the  motion  of  the  surrounding  fluid  whon 
pressure  waves  passed  througr.  an  infinite  tube.  Dragos"1  showod  the 
existence  of  a  uniquoly  established  solution  for  the  movement  of  a  viscous 
liquid  in  an  elastic  tube.  Other  authors  concerned  with  minor  elastic 
effects  in  fluid  filled  tubes  have  includod  the  interaction  typo  wave  in 
their  analyses. 

In  this  panor  linearized  equations  for  tne  flow  of  a  viscous 
incompressible  liquid  in  an  elastic  tube  are  considered.  The  frequency 
rosponso  of  loaded  and  unloaded  lines  are  analysed  by  considering  the  wave 
modes  separately.  First,  the  interaction  typo  wave  is  considered  and  then 
tr.e  transverse  and  longitudinal  porturbation3  are  included. 
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2.  THE  BASIC  PRINCIPLES 


2.1  Assumptions 

For  this  analysis  of  dynamic  f.ow  of  a  viscous  liquid  in  on 
elastic  tubo  tho  following  assumptions  aro  made: 

1.  Tno  motion  is  axially  symmetrical. 

2.  Tno  tube  is  olastic,  nomogenoous  and  isotropic  with  viscoolastic 
typo  damping  characteristics. 

3-  Tno  liquid  is  incompressible  with  constant  properties. 

4-  Tne  flow  is  laminar. 

5.  Tno  body  forces  aro  neglected. 


2.2  The  Basic  Differential  Equations 

Using  tho  abovo  assumptions  tho  basic  principles  yiold  tho 
following  partial  differential  equations: 

for  fluid  continuity 

+  ?*  4  =  O 

dv  sr  r 

for  fluid  momontum  in  tho  x  direction 


(>) 


f;  • « Si  -  *  s-i  •  >  B  ^  &  (■ r  » J =  °  < ' > 


for  fluid  momontum  in  tho  r  direction 


Mr  +  V,  Mr  +  yr  Mr  J_  dj  _  v  h  t  pfl  =0 

db  5*  ^  P  dr  U  (  r  dr  J  Jv'J 

( 3 \ 

for  tubo  momontum  in  tho  x  airoction  1 


/  p  -  (S  ‘  &  *  (*  H  "  *  W 
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r  dr  J 
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for  tube  momentum  in  the  r  ci  recti  on 
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/  <5  Ur 

ST 

n*  MPIKJC 


Theso  equations  are  simplified  by  neglecting  term3 
higher  (soo  Appondix  1)  to  give  only 


-t-  (?■  ) 


f'Vy 


(5) 


of  3ocond  order  or 


ouu  +  jl  t  E  v?  -  o 

It  fa? 


U) 


wr.oro  the  linearized  damping  term,  H  is  theoretically  prodictea  in 
Appendix  2. 


3 .  FREQUENCY  RESPONSE  OF  FLU.  WITHOUT  TRANSVERSE  A  NO  LONGITUDINAL 

USE  WAVES 


It  can  bo  shown  that  the  phase  volocity  c  of  a  liquid  dis¬ 
turbance  in  an  elastic  tube  is  governed  by  oquation  6  ana  by  tho  oquation 


±  if  , 

3  d? 


-  o 


(7; 


where 


is  tho  wave  volocity  of  tho  interaction  of 


liquid  inertia  and  tubo  compliance. 


Combining  equations  (6)  and  (7)  results  in  a  damped  vavo  equation 

-t  R  ff  .  c2  ^ 

<2  t c  <5>t  o?  > 

Tnoso  two  equations  (7)  and  (8)  determine  the  frequency  rosponao  of  wave 
disturbances  assumed  to  be  of  tho  form 

P(>  t)  =,  p(r) 

yr  (v  t)  -  w  •o 

Equations  (7)  and  (8)  may  bo  rewritten  in  tho  form 


UU  tff=o 

r?; 

and 

U?  +a-;p  -  o 
<?  v‘ 

(!C>) 
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r.  ora 


c2  ^ 


j_Ru 

r 


If  ir.e  mp^t  a.nu  load  end  of  t : .  o  t.o  art  .ur.ol'i  i  ry  tne  subscripts 
O  anu  L.  reupoc  lively ,  tno  pres,  ire  ur.a  vj.ocil y  responses  are  on ta ;  r.'Ji 
as 

p(L/v) _ . 


p(ojuj'  ■  ctn(^L)  t  ,r-L§i  ’-iX^ mb  I » (W l ) 

L  ^  P  Cl  ,  j  ^>)J 


v;^^)  C os^O+[^  rfLL'*> 


(>z) 


wnero 


*3 

is  aofinoa  as  tne  j.oad  ^mpecnnc  u  unicr.  '5 


P  ^  a  ,  j  <o  ; 

an  expiicib  function  of  load,  inertia,  capacitance  an:  resistance  as 
as  tne  frequency  of  oscillation.  fho  metnod  of  tneoretically  estimating 
tno  load  impedance  for  a  linear  second  ordor  systom  is  givon  in  Fart  B. 

IVo  limiting  casos  can  be  deduced  from  equations  (11)  and  (12). 
Load  ir.podanco  is  infinite  for  a  closed  end  pipe  and  tno  volocity  ratio 
given  by  (12)  becomes  zero  leaving  tne  pressure  ratio 

p(L,jU>)  / 

p>  (  o,jkjJ  co i{<xL) 

Similarly  for  an  open  end  pipe,  load  impedanco  is  zero  and  only  the 
velocity  ratio  i3  applicable,  nenco 

V*  (L  / 


V?  Coi(«L) 
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In  addition  to  the  interaction  wave  of  tube  compliance  ana 
liquid  inertia,  transverse  waves  in  tno  elastic  tubo  may  be  induced  in 
pulsatile  flow.  Tne  first  order  terms  for  transvorso  waves  with  visco¬ 
elastic  damping  roducoo  equation  (5)  to^ 


/  d'JJr  =  ^ 

<ptL  /  9  x t 

If  radial  disturbances  of  the  typo 


V- 


Ur(y  t)  -  Ur(x)  -e 


<f  srj  9  L/r 
3 


jLot 


(i3) 


are  considered,  equation 


(13;  may  bo  written  in  the  form 


JUr 


O 


( / 


\ 
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wnore 


<p‘  ,  Jtja — 

£s  +jujL, 


tr.o  boundary  conditions  are  take.,  to  o' 


Ur(L  )  *  O 


K,  Po 


then  tho  solution  of  ( 1 4 )  i3 


Ur  =■  K,  pD  ^cos(cpy)  -  Cor(cpL)  $iv(cpy)J 


(15) 


Those  radial  oscillations  of  tr.o  tube  wall  must  bo  accompanied  by  small 
perturbations  of  tr.o  main  axial  flow.  Thoso  perturbations  in  fluid  flow 
may  bo  estimated  ty  us^ng  the  appropriate  form  of  equations  (1  ,  (2)  and 
(3)  in  conjunction  with  equation  (14)  ana  its  solution  equation  (13). 


To  predict  tho  radial  component  of  tho  velocity  perturbation 
the  second  order  teres  of  oquation  (3)  aro  taxon  as 


r  _  v  f  c?  V/-  ,  ±  d/r  .  14-7  z. 
at  L  T  r  j-r  y* 


(‘  &  ) 


Considering  disturbances  of  the  typo  [/r  ( y rtj~  equation  (16)  trans¬ 

forms  into 


dr1  r  a  r  1  rL  V  J 


On) 


whoro  tho  boundary  conditions  for  this  equation  are 

v,r*,r<o)  =  o 

AT.  (X,r  =  /?,)  «  JUr(r,r'- %<) 


Tho  solution  of  (17)  is 


Afr  -  I'lKr) 


Os) 


whoro 
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i  (> )  = 


JU)  Kt  PQ  rCOS(<p  X  J  -  COT (QL-)  5/^(  (pxj 


I,C<  Rk) 


Fror.  equation  ( '■  )  and  (2)  tno  axial  consonant  of  velocity 
perturbations  cue  to  t ran.; verso  oscillations  rr.ay  bo  ostinutoa.  Re¬ 
writing  equation  M)  in  tr.u  fora 

o)  _  '■\J"r 

o>  x  o>  r  r 


ana  s 


ubstituting  equation  (13)  into  this  yioids 


-to  /< /  X 

’pi,  («»?,) 


ji,N(<t>n)  +  COr(pL )  COS(Cpx)J [0(Kr) 


-h  CON^mr 


0?J 


For  srr.all  oscillations  of  frequency  <hJ  equation  (2)  nay  bo  vritton  in 
the  fora 


<P  r1-  r  cP  r 


iw/iy  +  SJ1  r  o 
v  rv  j^(°  6>*J 


(.20  ) 


Tno  solution  of  this  equation  is 


/  P  R 


V,  -  5(V  ,  J«>)  ±0(*r)  -  5V  +  co“srwr 


(T  2  O 


whero 


X  -  (i  +J 


ViO 


<2  £/ 


Tr.e  boundary  conaitions  for  equations  (19)  and  (21)  aro  tokon  as 

r  --  Rm)  =  o 


r  *o)  _  0 

pr 


Finally  wo  get 


Ay  «  — 


wa.c  k  r„«(M+cor(‘pL)  cos' (fiyjjlljxr) 

~  «.)[:- 1  oCkKJ] 


whore  the  average  axial  per  ^  k,  L  *  o  n  \ 1  ity  is 
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S'  * 


K,  Po  <  i  x  Rx  4  ^  K 

(f>  M(ct>L)  IfrR \)  £  -IjK  R)] 


J 

/?()  _  J  (kR,)J[ '%'*($  y-)fCo'  '<?!-) 0)^4 XJ 

un 


The  resulting  axial  pressure  oscillations  may  bo  evaluated  by  re¬ 
writing  oquation  (7)  in  tno  form 


<?  % 


JUJP 

5 


(  23) 


hence 


p  --- 


3  K,  P.K  u 


fa  1:(kP,J  -lJ«K)jlcos(<ji*)-COT(<t>L)SlH(<f>X)J 
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The  consoquonce  of  this  equation  is  that  the  pressure  response  u  /Po  ~0 
Also  from  (23)  it  can  be  3hown  that  tno  ratio  of  input  volocity  to  input 
prossuro  is  givon  by 


%  C0T(^ 


hence  equation 


Vo 


(22)  nay  bo  written  as 

_  coi(<pL)  I/kR^  j  -  fjxp  1 7 


5.  FRE^bgjCY  RgSPONSH  Or  FLOW  X-  1X3  LONGITUDINAL  WA/LS  IN  Hie.  TUBS 


Longitudinal  tube  waves  may  be  induced  by  several  causes  3uch 
as  viscous  fluid  shear  on  the  tube  wall  or  a  load  that  is  not  fixed,  etc. 
Proceeding  as  in  section  4  the  torrr.s  in  oquation  (4)  of  second  ardor  for 
longitudinal  tube  waves  aro  given  by^ 

p'oc 


'  <Pl2i  *  ’a-xim)  <?'a 


(  24- ) 


3  ^ 


For  oscillations  of  frequency  O  this  oquation  may  be  rewritten  in  the 


:  orn 


d  % 


v  +  f 


uv  -  O 


(ZS) 


S<1 


whore 


V'* 


E  +  j^ELi 


Considering  only  shear  inauced  oscillations  uitn  the  input  end  fixed  and 
the  ^oaa  ecu  froo  the  distribution  of  shoar  fcrcos  may  bo  estimated  from 
equation  ( 2 }  i n  the  form 

<P  >4 

i 1 1/ 

uhoro  the  term  --~-x  is  consiaorod  of  third  order.  Considering 

<?  X1 

oscillations  of  tno  form 


ly  +  -  3~  -  v f  -t  ~  ey>1  -  o 

cw  <°  cP*  L  o?  r*  r  7 


-  V(*r)  JL 


jcJ  t 


tr.is  equation  ray  bo  written 

ElY  +  JL  2V  _  jjw  i/  _  _/_  <?/>  =  o 

cPr1  r  <5r  ^  (>V  d*. 

The  boundary  conditions  for  this  equation  aro  taxon  as 

<py  (v  r-  o)  -  o 

V  (*  *s  X.)  -  0 

Hence  tho  solution  is 

Vy(*,r,  jv)  =  ho,  J M)  IJ*r)  ~  I 


( 26  ) 


where 


K  = 


/  ^  j)  j  Jyi 


2.V 


Tno  function  -ay  be  formed  from  equation  (TO)  which  gives 

h(*}M  =■  At  sj«(xx) -f-  Bf  co*  x)  (  Z1 ) 

Tho  shear  stross  on  the  tuce  uai.  at  ^  a  /?<  is  thon 


^  ^  KL'CkZJj e 

eT 


j'uJ  £ 


hence  the  force  on  the  tube  per  unit  length  is 

2 Jr*?,  h(x,j ^)kI,(kR-)  e 


jUit 


If  this  forcing  term  io  now  included  in  the  equation  of  motion  of  tho 
tube  we  got 

<  ITT/?,-  k(x  j <o) 


3 1 U 


*  -f  f'u,  +  — ,  f«T.wAfr^i?.\B0 

e'r(K;-f?:)E  V  ,4t0 
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The  boundary  conditions  for  this  aquation  are  taken  as 

(y  L  ,  J*Oy'  -  o 

p  X 

The  solution  of  (28)  with  the  above  boundary  conditions  is 

^  At  !»"  (<>'*)  -t-6iC0i(yx )  -f  S<N(V*) 

-t  ~TzCos(^^) 


Finally  the  perturbation  of  the  average  axial  flow  velocity 

nay  bo  used  in  conjunction  with  aquation  (10)  to  give  the  frequency 

response  of  pressuro  and  velocity  for  the  longitudinal  wave  perturbation 


Jii’  fAt  sin  (tl)  f  &tCos(fL)  +  coi(<yL)j 

V°  L  (30) 


g  jAzs,N(>fL)i  d^(fL)  + 

Po  *— 


S/N  (c*Lj  -+■ 


6,  _ 


(31) 


6.  DISCJ3JI0N  OF  THEuftrriCAL  R8SJLTS 

The  theoretical  results  show  that  the  '"requency  response  of  an 
oscillating  viscous  flow  in  an  elastic  tube,  including  a  load,  can  bo 
analysed,  subject  to  the  issumptions  of  Appendix  1  using  a  linearized 
approach  to  tho  basic  equations  of  motion.  The  resistance  term  of  the 
basic  equation  of  axial  flow  (2)  wa3  linearized  in  the  form  given  as  it 
was  thought  that  this  approach  could  be  roadily  extended  to  turbulent 
flow  or  to  non- Newtonian  laminar  flow  provided  the  resistance  coefficient 
R  could  be  theoretically  or  experimentally  evaluated.  Since  Womersley's 
solution  givos  the  same  variation  of  n  yitn  frequency  it  was  felt  that 
tno  approach  used  in  the  analysis  of  the  resistance  coefficient  R  was  a 
valid  one.  doth  the  interaction  and  the  transverse  wavo3  must  bo  used 
for  the  evaluation  of  tho  resistance  coefficient.  Also,  it  should  bo 
noted  that  the  main  flow  equations  (7)  and  (8)  have  a  simpler  fora  than 
those  of  tho  other  authors,  but,  some  of  this  advantage  is  lost  when 
considering  the  resistance  coefficient  or  tho  other  wave  perturbations. 

It  would  appoar  that  tho  analytical  approach  used  in  this  may  have  some 
slight  advantage  ovor  other  authors  bocause  of  it3  simplicity  and 
gonoraii ty . 
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.no  so.ru  t..  on  ir.  tr.is  paper  yie.cls  tr.u  sane  res^.t  as  «orrurs..ey 
for  tr.e  pause  velocity  of  tr.e  1r.ior3ct.10:.  wave.  fruit  is  tr.o  pnaso 
vjlocity  of  tr.is  v^vj  tends  to  zero  r.rec’ly  wi  tr.  frequency  or  ir.airect.ly 
'J.U.  viscosity.  I" or  zer  vise*  sity  or  infinite  frequency,  tne  solution 
I  -elcs  tr. )  sure  rosi.t  as  Lar.b^.  fr.u.~oon  ir.  ms  paper  r.as  tne  prase 
v  locity  of  Ims  vavo  ter.  cl  r.,'  lo  a  finite  cores  tar  t.  It  is  not  known 
ur..cr.  result  is  correct  as  nxper. rr.or.tal  verification  r.s  very  difficult, 


but  it  is  believed  tnat  tr.o  rosult3  are  valid  for 


hJ  R, 


greater  than  ono  as  confirmed  by  the  experimental  t03ts  in  Part  B. 


APPF.NDIX  I 


GRD£R  Or  KAG.,IfUD£  OF  BAOIC  TSKMS 


Rewriting  the  basic  oquation3  and  giving  tho  order  of  mag- 
nitudo  of  tho  terns  of  tr.o  equations  wo  have: 

1 .  For  continui ty 

o>  V?  -f  -  O 

9  X  ^ r  r 

tho  terns  aro  of  order  oJ 


2.  For  x  none n tun  of  tho  fluid  in  tho  forn 

9-2L  -t  ]/x  t  Vr  ^  +  -■ 
j  x  9>t  9  x  9  r  P  9x 


-  V  [- ($-  (r  ^jLr ))  ■+  ho 
i  r(  >>  9rvJ 


the  terms  aro  of  ordor  hj  C  except  the  convoctivo  acceleration 
terns  which  aro  of  ordor  uj  /OAW 

3.  For  r  monc.itun  of  tho  fluid  in  tho  form 

5  V.  _ l  ,/  JVr  g/r  +  i.  -v  [S.  ty 

yj  5t  +  v  9?  +  v  Jx  (0  pr  v[sr\  r  3r'  /  J  v'J 

£  4?  LAt  \ 

tho  terms  aro  of  ordor  ^  ( p-j-  /yAAX  oxcopt  the  convoctivo 
decoloration  terns  which  aro  of  ordor  ►***  ( 9 Uf  \ 

R~  l  PtJ*** 


4.  For  tho  axial  and  radial  nonontun  equations  for  tho  tubo  tho 
radial  derivatives  aro  considered  nogligiblo,  that  i3 


5. 


For  fluid  flow  tho  following  assumption  is  made; 


l  >> 


i/o  H** 

T 


APPENDIX  2 

ESTIMATION  OF  THE  RESISTANCE  COEFFICIENT 

The  damping  effects  of  shear  forces  in  the  main  flow  and  of 
radial  perturbations  of  the  transverse  uavo3  are  estimated  in  this 
section  by  considering  the  main  flow  and  tho  perturbations  separatel/v 
Longitudinal  waves  in  tho  tube  should  not  chango  tho  resistance  co¬ 
efficient  appreciably.  The  main  oscillatory  flow  i3  considered  to  bo 
without  a  radial  velocity  component,  whoroa3,  tho  radial  velocity  per¬ 
turbations  are  considered  to  bo  induced  by  tho  tubo  wall  oscillations. 


Similar  to  the  caso  of  longitudinal  wave  perturbations  in  the 
tube  soction  tho  main  flow  is  given  by 

A  comparison  between  equations  (?)  and  (6)  show  that  tho  avorago  velocity 
\/^  ovar  a  cross  soction  is  related  to  tho  avorago  viscous  torm  in  tho 
equations  by 


It  may  bo  shown  that  the  resistance  coefficient  is  given  by 

Z  J  f  I,( 


R 


Similarly  for  the  perturbation  velocity  given  in  tho  form  a3 


givon  in  tho  soction  on  transvorso  waves 


Hence 


When  the  perturbation  resistance  coefficient  is  related  to  the  rain 
flow  the  combined  resistance  coefficient  becomes  for  no  end  effects 


The  authors  would  like  to  express  their  appreciation  for 
support  of  this  projoct  undor  DR3  9550-1  5,  NRG  A- 1*080  and 
NRG  A-2754  research  grants. 
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In  this  paper  experimental  resell,  .re  presentee  for  an 
oscillating  liquid  flew  i'  a  lorg  elastic  tune  witr.  am  witno-t  load. 
Tha  frequency  response  of  pressure  ar.a  velocity  for  eacr.  case  is 
cor.pared  to  the  computed  results  basoa  or.  the  tneory  of  Par ‘  ... 
addition  tho  phase  lags  are  also  pro  son  tod.  Tvu  nfferent  w<.  .-y  •  s .  e  s 
were  observod  in  tno  experimental  results,  ir.t  racti^r.  a.:  trar.  .«rse. 
These  waves  showed  strong  attenuation  and  ui  or  cr.  witr.  frequ  r.cy  as 
indicated  by  the  theory.  Results  are  ;  *esent  >d  m  a .  mension&l  ar.a  non- 
dimensional  form. 


1. 


INTRO  DU 


^  m 

O  i 


ION 


The  analysis  of  on  oscillating  viscous  flow  of  a  liquid  in  an 
elastic  tube  is  discussed  in  Part  A. 

In  this  paper  results  aro  presented  for  tho  frequency  response 
of  pressure,  velocity  and  phase  lag  o.  a  no  load  ar.a  a  loaned  elastic 
transmission  lino  using  water  as  transmission  fluid.  The  experimental 
sot-up  is  described.  The  experimental  results  aro  presented  in  botn 
dimensional  and  non-dimensional  form  and  they  aro  discussed  a3  compared 
to  tne  computed  rosults  predicted  by  tho  thoorotical  analyses  of  Fart  A. 

A  groat  number  of  workers  have  done  experiments  on  trans¬ 
mission  lines,  but  very  few  have  roported  observing  more  than  one  typo 
of  elastic  wave.  Only  ono  group,  D'Souza  and  Oldonburger ' ,  has  reported 
observing  rosonanco  with  a  second  wave  effoct.  Duo  to  the  typo  of  load 
they  selected,  an  orifice,  they  got  a  longitudinal  wave  resonanco  in  tho 
tube.  This  was  analysod  by  neglecting  wall  shear  forces  on  tho  tubo  and 
by  including  damping  at  tho  orifico  but  not  in  the  tube.  Taylor^ 
experimented  with  oscillating  viscous  liquids  in  a  long  rubber  tube 
terminating  in  a  constant  pressuro  roservoir.  No  resonanco  effects 
were  obsorvod  in  his  system  sinco,  at  high  frequencies  (up  to  28  c/3), 
waves  wore  attenuated  and  at  low  frequencies  the  termination  was 
modified  to  eliminate  reflection.  McDonald^  in  his  book,  Blood  Flow  in 
Arteries,  discusses  tho  measurements  of  sovoral  workers  who  have  tried 
to  measure  longitudinal  extensions  and  radial  oxtontions  in  arteries. 
While  radial  extensions  aro  significant,  it  is  difficult  to  draw 
definite  conclusions  about  longitudinal  strains.  Bassott^  experimentally 
tested  the  no  load  caso. 
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2. 


EXPERIMENTAL  TBS 


m  r  » •  «-\ 

i  i«.ur 


7no  experimental  test  setup  ..sou  _s  schematically  illustrated 
in  Figure  1  for  the  no  load  ca-e  a:.;  in  F  guro  for  tno  -a  ;  ca 
Tho  powor  supply  was  the  same  for  cot.  m  oc.  /..n  r.yurau 
mechanism  using  a  linear  hydraulic  cylinder  for  a  load  u„  _uo :  to 
actuato  a  piston  that  oscillated  saline  water  in  an  elastic  tut-o. 

Figuro  1  illustrates  the  no  load  case  where  tr.c  elastic  tube 
discharged  fluid  to  and  from  a  reservoir  at  constant  pressure.  For  tms 
case  a  natural  rubber  tube  24.2  feet  long,  3/16  inches  and  5/ 1 6  i.ncnos 
insido  and  outside  diameters, respectively,  was  usod. 

Figure  2  illustrates  the  load  case  whore  the  saline  water  was 
used  to  actuato  a  column  of  mercury  in  a  J-tube  as  snown.  inis  simulates 
a  typical  second  ordor  load.  A  10. 3- feet  tygon  tubo  was  selectud  for 
this  cuso  with  insido  and  outside  diameters  of  3/16  inches  and  5/16 
inches, respectively. 

The  instrumentation  was  the  some  for  noth  cases;  velocity  and 
pressuro  wore  measured  at  input  and  output.  Tno  input  velocity  was 
moasured  by  a  fixed  induction  coil  with  a  moveable  iron  coro  attached 
to  the  hydraulic  ram.  fho  output  velocity  was  measured  by  a  full  flow 
electromagnetic  flowmeter.  Both  prossuros  were  measured  by  strain  gago 
typo  transducers.  Transducer  signals  were  amplified  and  recorded  oxi  a 
strip  chart.  Btatic  and  dynamic  calibration  of  all  the  transducers 
indicated  that  they  had  sufficient  accuracy,  sensitivity  ana  band¬ 
width  for  all  tho  to3t  runs. 
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FIGURE 
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FIGURE  2 


3.  TH£  NO  LOAD  RESULTS 


Figures  3  and  4  present  the  computed  and  the  experimental  test 
results  for  the  no  load  case.  Two  experimental  runs  were  conducted  for 
this  case;  one  for  low  amplitude  oscillations  and  anotner  for  nip a 
amplitude  oscillations.  Tno  amplitude  of  oscillation  vas  held  constant 
within  5  percent  for  each  test  run.  .no  experimental  pressure  response 
was  zero  for  the  no  load  caso,  as  predicted  by  tno  tr.eory;  hence  it  is 
not  presented.  The  theoretical  velocity  frequency  response  for  the  no 
load  case  is  prosontod  for  various  resistance  coefficients  in  Figure  3 
by  using  zero  load  impedance.  The  phase  lag  for  velocity  with  the  no 
load  case  are  prosontod  in  Figure  4.  Tno  experimental  results  for  phuso 
lag  aro  within  5  percent  of  the  computed  results  for  both  tost  runs. 

Tho  effective  bulk  modulus  for  this  caso  is  estimated  in 
Appendix  1 „ 
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VELOCITY  RATIO  INC  LOAD)  VS.  FRE 


FIGURE 


0C9 


4.  TH.-:  LOAD  R.vS'JLTo 

Figures  5,6  and  7  present,  the  experimental  and  computed 
results  For  the  load  case.  An  estimation  of  the  secona  order  linear 
load  is  given  in  Appendix  2.  Results  aro  presentee  in  dimensional  and 
non-dinonsional  Form  in  Figures  5  and  6.  The  non-dimensional  terms  are 
presented  in  Appendix  3.  Figure  5  presents  the  pressure  Frequency 
response  From  tho  tost  results  and  From  results  computed  For  various 
resistance  coeFFicients.  Figure  8  estimates  how  the  resistance  co- 
oFFicient  should  vary  with  Frequency  For  tnis  case.  The  velocity 
response  is  presented  in  Figure  6  For  the  load  case  in  tho  same  Form 
as  Figuro  5.  Tho  phaso  lag  is  prosentod  Fc.  only  one  resistance  co- 
oFFiciont  For  both  prossure  and  volooity  in  figure  7.  Other  resistance 
coeFFicients  would  result  in  similar  phaso  lag  results. 
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of  disturbances  may  tona  to  cause  some  discrepancy  between  t:.«  cor  nu' 
and  tne  experimental  results.  and  effects  were  considered  ..ml.  : 


theoretical  analyses  of  Part  A 
limitations  should  be  noted, 
tubes  were  relatively 


ong,  and  tne 


he  flow  wa: 

r. 


rec, 


slightly  above  zero  and  of  moderate  bandwid'n 


CG 

r*e 


elastic  benaviour  co  .Id 


o  pr'.* sen 

r 


'ifferent  in  tne  two  different  types  c: 


ci 

oUuO  »j 


.  ed , 


.ppondix  1  sr.owj  now  tne  b  .  1_a 


long  tubes  used.  Nonlinear 
should  be  slightly  o 

natural  rubber  and  tygon.  Figure  9  in 
modulus  varies  with  pressuro  for  the  tygon  tube.  Flow  disturbances 
sue:,  as  periodic  turbulence  or  cavitation  could  have  seen  the  greate: 
cause  of  irregularities.  Those  two  effects  may  cause  increased 
resistance  and  capacitanco.  Cavitation  was  not  observed  du-.ng  test 
runs,  but,  it  could  havo  existed  to  a  small  extent  at  tne  input  end 
wnere  the  flow  could  not  be  observed.  No  tests  were  conducted  for 
turbulence,  but  maximum  Roynolds  numbers  were  kept  below  5000  for  tne 
maximum  velocity  test  run  and  3000  for  the  lower  velocity  amplitude 
test  run. 


Tno  no  load  test  results  showed  several  interesting  po.nt  . 

The  resistance  coefficient  increased  with  frequency  and  witn  anplituuo 
of  oscillation.  These  effects  are  predicted  by  tno  tneory  uitr.o..ga  no 
computed  results  are  presented  for  tnis  case.  fne  experimental  results 
indicate  that  only  the  interaction  typo  wave  gave  rise  to  any  measure- 
able  resonance  effocts  and  that  tho  phase  velocity  of  this  wave 
remained  nearly  constant  over  the  frequency  range  considered.  The  tnoory 
also  predicts  tho  phase  velocity  nearly  constant  over  this  frequency 
range.  Further  studios  of  tube  properties  wi.,1  be  necessary  before 
additional  transverse  or  longitudinal  wave  resonance  effects  can  be 
predicted  accurately,  howevor,  tho  theory  does  predict  tne  resonance 
froquencios  accurately  when  they  do  exist  as  in  the  load  case. 

The  load  case  indicated  similar  results  to  tno  no  load  caso. 

Tho  resistance  coefficient  increased  witn  frequency  amplitude  as 
predicted  by  the  computed  results  in  Figure  8.  Tne  slight  discrepancy 
between  tne  two  may  be  partially  accounted  for  by  the  fact  that 
damping  wa3  not  included  in  tne  load.  The  results  obtained  sere  are 
similar  to  those  of  Taylor.  Tho  test  results  indicate  innt  only  tr.e 
interaction  typo  wave  resonance  is  prosont  for  the  pressure  response, 
whereas,  both  tho  interaction  and  the  transverse  wave  resonance  were 
measured  for  the  velocity  response  in  Figure  6.  Tno  test  results  snow 
that  tho  phase  velocity  of  tho  transverse  wave  has  increased  measuro- 
ably  as  indicated  by  the  viscoelastic  damped  wave  results  computed  for 
this  case.  Longitudinal  wave  resonance,  which  would  nave  occurred  at  a 
much  higher  frequency,  givosno  measureabie  result.  Tr.e  high  dumping  co¬ 
efficients  Indicated  in  Figure  8  would  tend  to  predict  this  result. 
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The  computed  results  presented  in  all  graphs  are  tr.ougr.t 
to  bo  vory  accurato  except  for  a  very  small  region  where  uj  tenus 
to  zero,  uomo  of  tho  Bossel  function  ratios  uoro  indeterminate  at 
oj  o . 


APPfcl. DIX  1 


THS  EFFECTIVE  DU  Li  .MODULUS 


It  is  well  known  that  when  liquid  is  used  in  pipe  lines,  tne 
elastic  naturo  of  tho  pipo  lines  decreases  tr.o  effective  bulk  modulus 
of  the  liquid.  Here  a  method  is  snown  to  estimate  the  effective  buix 
modulus  of  the  liquid  using  the  equation  for  tube  expansion  as 
applicable  to  thick  cylinders  undor  constant  pressure  witr.out  ond  effect. 
The  radial  expansion  of  tne  inner  radius  ft  of  the?  tube  when 

subjected  to  an  internal  pr  are  change  13  given  by 


A  p  J? 

—  1 _  \ 


A6/r  -  -g- 


-  p  -  K,  A  P 

£_ 


If  a  unit  length  of  tube  is  considered, tho  chango  in  fluid 
volumo  por  unit  longth  resulting  from  tho  pressure  pQ  is  given  by 

a/  -  tt[ //?,  +&urf~ 

-  2  rr  &Ur  R  FO*  Rt  >>  A  Ur 

=  zir  Pc  £ 


Tho  volumetric  strain  in  tho  fluid  and  intornal  volumo  of  the 

tube  is 

<3  V  _  A  V  _  d  f  ,  zm  A  . 

Y  n-(7/  “  ~b'  +  Fr,  F 

Hence  tho  effective  bulk  modulus  is 
I  .  L  Z  rT) 

3  ~  Q'  ERs 

Figure  9  shows  the  theoretical  effective  bulk  modulus  of  tr.o  water  in 
the  tygon  tube  for  the  load  case.  Curve  A  shows  the  linear  case,  Curve 
B  shows  the  nonlinear  case  witn  load  pressure  applied  from  zero  to  p0 
in  one  increment  and  finally  Curvo  C  shows  the  effect  of  small  increments. 
Curve  A  wa3  used  for  calculations. 


20  3.0  4.0  5.0  6.0  7.0  80  9.0  10  0 

PRESSURE  (  PS  I  ) - > 


APPENDIX  2 


LOAD 


impedanie 


Neglecting  the  damping  effects  of  mercury  in  a  glass  tube, 
the  forcos  acting  on  the  mercu  y  aro  water  pressuro  and  gravity. 

Pl  Al  =  Al 

ror  oscillating  disturbances  this  con  be  rewritten 

PL  ( j<*>)  =  “  f ~™LJ^  ■+  *±A!r  j  VVU 

L  j  uj  J 

The  velocity  ratio  of  tho  elastic  tubo  to  glass  tube  is  given  by  the 
area  ratio 

K.  " 

Hence  the  load  impedance 

PL  liu) 

“vuT^)  ’ 


APPENDIX  3 
N ON  DIMEN S I ON AL  TERMS 


Tho  interaction  phase 
ZUC 

U3n  "  ^~jr-  .  Using  Ujn  as 


following  non  dimensional  terns 

cJn  L  fO  6 

C 


l°Cl 


velocity  C  gi vo3  a  resonant  frequency 
a  reference  frequency  we  got  the 


R 


Since  tho  load  must  bo  matched  to  tho  tubo  for  each  case  in  which  tho 
wave  velocity  and  length  aro  varied,  tho  results  should  not  be  construed 
as  universal.  Howovor,  if  the  load  is  matched  to  the  tubo  conditions 
as  required  by  tho  prossure  and  velocity  response  equations,  then  the 
nondimonsional  theory  could  be  applied. 
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al- 

Ap  - 
8  = 
b'  - 

c  = 
F  = 

J  = 
L  = 

p  = 

Po  = 

R  = 


area  of  glass  U-tubo 

elastic  tubo  flow  area 

effoctivo  bulk  modulus 

bulk  modulus  of  water 

phase  velocity  of  interaction  wavo 

Young's  modulus 

FT 

tubo  length 

mass  of  morcury  load 

prossuro 

prossuro  at  load 

prossuro  at  input  to  tubo 

rosistanco  coefficient 

gravitational  spring  constant. 


t  = 

V  = 
*4  = 

(T  - 

<°  = 
Ui  = 

= 


14 


non  .  ;r.onsi onal  rests tur.ce 
coo ff icier t 

inner  radius  of  elastic 
tube 

outer  radius  of  elastic 
tubo 

time 

racial  tubo  displacement 
volume 

load  velocity 

Possion's  ratio  of  elastic 
tubo 

water  density 
froquoncy 

resonant  froquoncy 

Velocity  at  load  end  of 
elastic  tubo 

voiocity  at  input  to 
olastic  tubo 
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ABSTRACT 


The  theory  of  characteristics  is  applied  to  determine  the  tran¬ 
sient  response  of  rectangular  ducts  to  a  step  input.  The  step  input 
is  generated  by  a  unique  f ilm- snatching  apparatus.  The  output  pulse 
of  the  duct  is  shaped  by  a  nozzle  termination  and  by  the  addition  of 
side  branches  to  the  duct.  Only  subsonic  flow  is  considered.  Experi 
mental  results  that  confirm  the  theoretical  predictions  are  presented 


r  *  ,r,-y^  "M  ’  T  rr'  '  .>  * 


I : .  order  vo  :  e  s  i  g  r . 


amp .  i : 


ha  • 


r\  —  &  *  •  c* »'  *  •  - 


per  format.  'e  specif:  *a  lions  ,  i  t  is  r-^eesa”,  *  kt. tw  the  .  -.an.:  • 
•haracteristi-'-s  of  ’  h*  .ni*.s.  If  the  amp.ifier  is  a  prop  r'i  al 
device  opera  fin*;  or.  sma  1 .  atr.pl  i*  .  de  signals,  •  :..r;an.i  •  pr  per- 
ties  car.  be  determined  -atisfa  *  or:  I;,  using  1  inea”ize  :  eq-ati  r.s 
ar.d  the  static  performer.  *e  c-irves.  However,  :  is*  a:  le  iev  i  *es 
genera.  .,y  operate  or.  large  amplitude  signals,  whi~h  ause  sizeat> 
reflections  at  discontinuities  and  terir.i rations .  These  ref  euior.s 
have  been  noted  by  Keto  I  and  by  Katz,  //ins ion,  ar.i  Hawes  2  . 

This  t cpe  of  disturbance  is  present  both  in  the  amplifier  proper  and 
in  the  connecting  lines  o'*  ducts.  Therefore  it  is  especia.ly  in. por¬ 
tent  to  consider  large  amplitude  waves  when  bistable  .nits  are  being 


staged . 

The  mass  flow  req  ired  to  switch  a  bistable  am.pl  ifier  is  an 
important  parameter.  Generally  this  flow  passes  through  a  nozzle  o" 
an  orifice  at  the  control  ir.put.  In  a  static  experiment  the  pressure 
and  f.ow  at  the  control  on  the  attached  side  is  slowly  i* creased 
until  a  switch  is  obtained.  Dynamic  experiments  at  HIT  have  show:, 
tlat  switching  can  be  accomplished  at  a  lower  steady-state  control 
pressure  if  the  control  ir.put  is  applied  suddenly  instead  of  Tadually. 
The  sudden  application  of  a  signal.  is  similar  to  the  condition  that 
exists  when  one  bistable  unit  is  being  switched  by  the  output  or  an¬ 
other  bistable  device.  In  such  cases  there  can  be  periods  when  the 
transient  flow  through  the  control  port  is  greater  than  the  stead.v- 
utate  level.  This  difference  is,  however,  not  large  enough  to 
account  for  the  difference  between  static  and  dynamic  switching. 

The  ultimate  purpose  of  this  investigation  is  to  obtain  a 
better  understanding  of  the  dynamic  performance  of  listab.e  ampli¬ 
fiers.  This  preliminary  work,  however,  is  concern*1  d  only  with  the 
effects  of  reflections  of  finite  amplitude  waves  in  fluid  lir.es. 

A  rigorous  analysis  of  the  problem  is  not  feasible.  However,  by 
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making  suitable  assumption.  ,  the  prol  1  m  car.  I*  treat-- i  vy 
of  charac* eristics . 
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pressure  is  a  step  function.  The  flow  out  of  the  tleec  itself  is 
also  considered.  The  anal;,  i  presented  here  i_  restricted  *o  rut- 
sonic  flow. 
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Finite  amplitude  waves  and  reflections  are  treated  exterjsively 
ly  Rudinger  4  ,  Foa  b ' ,  Shapiro  *  ,  and  others.  Much  of  the 

background  for  this  report  is  taken  from  their  works.  It.  some 
fluid  amplifier  applications,  reflected  waves  may  be  used  to  advan¬ 
tage  while  in  other  instances  it  may  be  desirable  to  eliminate  them. 

One  objective  of  this  study  is  to  determine  the  effect  of  geometric 
changes  on  the  shape  of  the  output  pulse. 

The  manner  in  which  waves  of  finite  amplitude  are  reflected  de¬ 
pends  upon  three  major  factors —  1  the  termination  geometry, 

(2)  the  environment  into  which  the  wave  is  propagating,  and  3  the 
properties  of  the  wave  itself.  If  the  end  of  the  duct  is  closed, 
waves  are  reflected  in  a  like  sense,  i.e.,  compression  as  compression 
and  expansion  as  expansion.  If  the  duct  is  completely  oper,  at  the 
end,  the  waves  are  reflected  in  an  unlike  sense.  Now  consiier  the 
duct  to  be  terminated  by  a  nozzle.  In  this  case  both  t;vpes  of  re¬ 
flections  are  possible  depet  ring  upon  the  nozzle  ratio  and  the  strength 
of  the  incident  wave.  The  nozzle  ratio  is  defined  as  the  smallest 
cross-sectional  area  of  the  nozzle  divided  by  the  cross-sectional 
area  of  the  duct.  It  i  apparent  that  by  a  proper  matching  of  these 
parameters,  there  may  be  no  reflection  at  all  from  the  termination. 

The  duct  is  then  said  to  be  matched. 
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The  eq.uttior.s  a.. social*  with  tons  teal.  fieri :  fl  y.t  uiv  'ampl^x 
and  are  iiffi'uit  to  solve  ly  rjilytical  prooe  rures .  ror*  -ti  *  '.ly  there 
la  available  a  graphical  or  r  ji,--rlr-ai  •••chr.i  :ue  a:aptail*  to  h'.it 
type  oh  pro! lee.  This  method,  kr.ovr.  as  i}>-  theory  o:’  characteristics, 
is  used  ir.  solving  ii fferer.*  ial  eq'Witior-s. 
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The  following  assumptions  are  main: 

1.  or.e -dimensional  flow  in  the  duct, 

2.  ideal  gas, 

3.  isentropic  flow, 

4.  area  unvarying  with  time,  i.e.,  rigid  walls. 

Using  these  assumptions ,  the  continuity  equation  nun.;-'  be  written 
in  terms  of  a  and  u  as: 
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where  A  is  the  cross-sectional  area  of  the  duct. 
The  momentum  equation  is 
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It  is  convenient  to  group  the  variables  in  equation  4.  The 
new  variables  thus  formed  nre  called  the  Riemann  variables.  They 
are  defined  as 
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Equations  (8.p‘  ar.d  (8. b)  designate  the  P-characteristics  and 
the  Q-characteristif-s.  Equations  '"’.a'  ar.d  i7.!'  describe  the  behavior 
of  the  P  and  Q  waves  along  thes»  ’urves  or  characteristics.  This 
will  be  of  considerable  tenefit  in  solving  'wave  reflection  problems, 
d O’ aider  the  pro.  lerc  show:,  it.  figure  1. 
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v/hf*re  the  t  .1  scrip’  r.  refer  to  the  entrance  conditions.  Equa¬ 
tion  .1  represents  the  constant  energy  ellipse  for  the  entrar.ee 
to  •  e  duct  in  terms  of  the  riemann  variables.  This  ma .  be  nondi- 
ineraj Iona  1 1  zed  by  setting 
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12. a) 


a  r. 
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13 


This  equation  represents  the  constant  energy  level  for  ar.y  stagnation 
pressur>  ,  ^o  we  need  to  plot  only  one  ellipse  for  all  cor  dit ions. 
Figure  2  illustrates  this  curve. 

The  bounuar  .  condition  at  the  duct  exit  must  also  be  specified. 
Thermodynamic  relations  yield 


2  tf/Y-1 

a  ' 
r 


(34) 


where  p  is  pressure,  s  is  specific  entropy,  and  the  subscript 
r  denotes  reference  conditions,  which  in  this  case  are  the  ambient 
conditions.  Since  an  isentropic  process  is  assumed,  s  =  sr, 
or 


U-V21) 


(15) 


The  boundary  condition  chosen  is  that  the  exit  pressure,  pg,  is 
equal  to  the  atmospheric  pressure,  pr .  Thus 


a 


r 


where  is  the  speed  of  sounj  at  the  duct  exit.  The  exit 

relation  is  obtained  by  combining  equations  (6)  and  11)  for  Y  =  1.4 
to  yield 


P  +  Q  =10 
e  e 


(17) 


where  the  subscript  e  denotes  exit  conditions.  Equation  (17)  is 
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I  her.  the  \  ou..dur..  cor.i  i  ’  t  jr.  a  *  :  .  *t  •xit  lr.  •  -tt r.<  cf  the  i 

varieties.  It  .'re. y  he  re-writ*.  :  as 

1: 

0  .  „  ^  —  1 
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which  ir  also  plotter:  for  several  values  of  a0  a r  in  ..  , 

where  n0  is  the  stagnation  speed  f  .  .*  i ,  iiver.  a  parti-*  .1  ir 
energy  level  at  the  source,  the  tra:~  lent  flow  at  the  op  *.  >  jf 
duct  may  now  be  determined  from  figur**  -  . 

For  example,  if  the  stagnn t i or  pressure  at  th*  f  t  er.trar.  - 
is  pQ  =  1.1  psig,  the  stagnation  speed  of  sound  is  giver.  1., 
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Now  calculate  the  strength  of  the  Initial  pressure  wave  into  the 
duct  which  is  filled  with  motionless  air,  u  =  0.  To  do  this  the 
starting  point,  denoted  by  subscript  1,  or.  the  ellipse  must  be  ob¬ 
tained.  From  equation  (t  ), 
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which  locates  point  1  on  the  ellipse.  A s  the  pressure  wave  propa¬ 
gates  down  the  duct,  0  remains  constant.  Now  it  mu  '  e  determined 
which  of  the  exit  condition  lines  is  applicable  to  _>  case. 
Equation  {LF)  gives 
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which  determines  th*-  locution  of  point  2  in  fiacre  2.  Point  3  is 
now  :vach»*d  by  movirg  a  1  org  a  -or.,  tar.t  G  line  to  the  energy 
ellipse.  F  oir.t  is  i‘- t*-rmine j  ty  n.  ing  along  a  constant  0 
lin**  to  the  exit  condition  0  -  9  =  9.2*1.  This  procedure  is  con¬ 
tinued  until  stealy  state  is  reached  at  the  intersection  of  the 
two  bounda^.  condition  linos.  lir.ce  both  0  arid  6  are  known 
at  each  point,  the  exit  velocil;  ,  ue ,  may  he  easily  calculated  at 
each  poin’  also.  Figure  3  shows  the  time  iistan^e  representation 
of  the  analysis  describe  1  above.  This  particular  type  of  plot  is 
often  referred  to  as  a  wave  diagram.  The  values  of  0  and  0 
are  shown  for  any  poir.t  along  the  duct  at  any  giver,  time.  As  one 
proceeds  up  the  time  axis,  the  flow  approaches  steady  .  tate  and 
t  and  0  approach  constant  valuer  . 

The  experimental  apparatus  designed  to  test  the  theory  is 
shewn  in  figure  /, .  A  strip  of  film  covers  the  entrance  of  the  duct 
as  the  pressure  in  the  source  is  raised  to  the  desired  level.  Air 
flow's  out  of  the  source  and  is  exhausted  at  the  gup  between  the 
source  and  the  duct  entrance.  The  film  strip  is  then  brought  into 
contact  with  the  motor-driven  friction  wheel,  which  pulls  the  film, 
through  th°  film  guide  at  a  high  speed.  Typical  film  speed  is 
approximately  7 5  fps.  This  means  that  the  entrance  to  the  duct 
is  uncovered  in  0.25  to  0.30  msec.  Tills  sudden  opening  allows  a 
step  pressure  wave  to  start  iown  the  duct.  The  flow  at  the  exit 
is  measured  by  a  hot-wire  anemometer.  Sirue  the  vcltage-veloeit . 
plot  is  nonlinear  for  the  type  of  instrument  used,  one  must  con¬ 
sider  thi:  when  observing  'he  experimental  oscilloscope  plots. 

The  duct  is  a  0.50-  by  0. 25-in.  rectangular  channel,  which  vas  varied 
in  length  from  l.-c  to  2 ^.25  in.  in  the  experiments. 

To  supply  a  duct  of  this  size  with  constant  energy  requires 
a  source  with  a  very  low  impedance.  Since  this  was  not  available, 
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FIGURE  li.  EXPERIMENTAL  APPARATUS 
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a)  P-WAVE  LESS  THAN  REQUIRED  FOR  NO  REFLECTION 


TIME 


b)  P-WAVE  EXACTLY  AS  REQUIRED  FOR  NO  REFLECTION 


TIME 


c)  P-WAVE  GREATER  THAN  REQUIRED  FOR  NO  REFLECTION 


FIGURE  9.  POSSIBLE  TRANSIENT  FLOW  CONDITIONS  AT  EXIT  OF 
DUCT  TERMINATED  WITH  A  NOZZLE 


nozzle  Is  an  expansion  wave.  Figure  ‘ .  1  shows  the  case  where  the 
P  wave  Is  exactly  equal  to  the  matching  value;  i.e.,  it  correspond: 
to  the  Inters*-  .tlon  of  the  steady-state  velocity  line  and  the 
transient  velocity  line  for  the  given  nozzle  ratio.  The  fact  i 
therefore  matched,  and  no  reflection  takes  place.  The  expansive 
reflections  are  equal  to  and  cancel  out  the  compressive  reflections. 
Figure  ^.c  illustrates  an  initial  P-wave  that  is  greater  than  re¬ 
quired.  The  output  velocity  initially  exceeds  the  steady-state 
level,  and  then  oscillates  about  the  steady-state  value  as  the  tran¬ 
sient  conditions  damp  out.  This  is  the  case  where  a  compression 
wave  reflects  initially  from  the  nozzle  termination. 

Figure  10  illustrates  these  cases  with  experimental  plots. 

A  typical  comparison  of  theory  with  experiment  is  given  in  table  I. 
These  particular  examples  are  for  a  P-wave  large  enough  to  produce 
overshoot  and  oscillation  to  steady  state. 

The  length  of  each  step  or  level  is  dependent  on  the  time 
required  for  the  reflection  to  travel  twice  the  length  of  the  duct. 
Thus  one  is  able  to  lengthen  or  shorten  these  as  desired,  Figure 
11  shows  two  plots  taken  under  exactly  the  same  conditions  except 
for  duct  length.  However,  as  the  duct  is  lengthened, friction 
becomes  more  important.  Since  this  theory  was  obtained  neglecting 
friction,  the  experimental  results  deviate  farther  from  the  theory 
as  the  duct  is  lengthened. 

IV  TERMINATED  DUCTS  WITH  SIDE  BRANCHES 

The  effect  of  bleeds  on  the  wave  reflections  In  ducts  is  of 
concern  since  it  is  important  to  be  able  to  predict  the  shape  of  a 
pulse  at  the  duct  exit.  Bleeds  exert  considerable  Influence  on  both 
the  shape  and  the  magnitude  of  these  pulses. 

To  simulate  a  bleed  in  a  fluid  amplifier,  a  terminated  duct 
with  a  side  branch  was  used.  These  branches  were  placed  at  either 
of  the  two  positions  shown  In  figure  12.  Only  one  bleed  was  used 
in  any'  one  experiment.  Two  sizes  of  side  branches  were  used;  each 
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a)  P-WAVE  LESS  THAN  REQUIRED  FOR  NO  REFLECTION 


b)  P-WAVE  EXACTLY  AS  REQUIRED  FOR  NO  REFLECTION 


c)  P  -WAVE  GREATER  THAN  REQUIRED  FOR  NO  REFLECTION 

FIGURE  10.  EXPERIMENTAL  RESULTS  DEPICTING  VARIOUS  FLOW 
OONDIT IONS  AT  EXIT  OF  DUCT  TERMINATED  WITH 
A  NOTZLE. 


table  I. 

COMPARISON 
TRANSIENT 
OUTPUT  TO 

OF 

EXI 

THE 

THEORETICAL 

T  VELOCITIES 
STEADY-STATE 

ANO  EXPERIMENTAL 
FROM  THE  INITIAL 
VALUE. 

uQ  .  EXIT 

VELOCITIES  (fps) 

CASE 

1 

CASE  2 

STEP 

THEORY 

EXPERIMENT 

THEORY 

EXPERIMENT 

1 

397 

400 

430 

446 

2 

324 

314 

341 

360 

3 

365 

388 

394 

409 

4 

345 

330 

365 

378 

5 

356 

390 

382 

403 

6 

350 

348 

372 

372 

7 

353 

372 

378 

403 

8 

• 

352 

353 

374 

383 

• 

• 

STEADY  STATE 

351 

372 

375 

400 

10a 


a)  DUCT  LENGTH  OF  6  INCHES 


b)  DUCT  LENGTH  OF  ?U  INCHES 


FIGURE  11.  EXPERIMENTAL  PLOTS  TAKEN  WITH  ALL  CONDITIONS 
IDENTICAL  EXCEPT  THE  LENGTH  OF  THE  DUCT. 
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was  3  in.  long  and  0.5  in.  wile  with  a  depth  of  either  0.25  in. 


r*-  ?7.?5" 

Figure  12;  Location  of  Ple^is  in  [Tact 


or  0.0025  in.  The  larger  the  bleed,  the  more  t.v  flow  level  is 
lowered  at  the  duct  exit.  As  a  result,  energy  levels  change  and 
the  assumption  of  constant  energy  is  no  longer  valid.  A  mathematical 
analysis  of  the  flow  therefore  was  not  attempted.  However,  by  con¬ 
sideration  of  the  waves  and  reflections,  the  general  shape  of  the 
pulse  at  both  the  duct  exit  an i  the  bleed  exit  may  be  predicted. 

Figure  13  shovs  theoretical  predictions  and  experimental  results 
for  the  case  when  the  bleed  is  located  near  the  entrance  of  the  duct. 
It  should  be  emphasized  that  no  attempt  was  made  to  predict  quan¬ 
titatively  the  amplitude  of  the  pulses.  )nly  the  relative  magnitudes 
were  considered.  Figure  13. a  shows  the  predicted  output  of  the  duct. 
The  initial  large  pressure  pulse  resulting  from  the  step  input  is 
followed  by  a  series  of  successively  smaller  pressure  waves  emanat¬ 
ing  from  the  duct  entrance  and  the  bleed.  As  these  damp  out,  the 
rarefaction  wave  resulting  from  the  initial  large  pressure  pulse 
returns  to  the  entrance  and  its  reflection  now  appears  at  the  exit 
as  a  large  compression  wave.  This  cycle  is  r^p»-ated  until  steady 
state  is  reached.  Figure  13. b  shows  the  oscilloscope  plot  of  this 
case  . 
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ABSTRACT 


Frequency  selective  acoustically  controlled  fluid  dynamic  switches 
are  discussed  in  terms  of  Reynolds  number,  Itrouhal  number,  and  seo- 
metric  parameters.  The  successful  operation  of  such  a  device  depends 
on  the  simultaneous  eruditions  that: 

1.  The  strear  ,  which  is  basically  controlled  by  the 

boundary,  is  in  the  monostable  region  of  operation. 

1.  That  stream  operation  takes  place  in  the  region 
of  flow  where  it  is  most  sensitive  to  small  dis¬ 
turbances.  Such  a  flow  region  Is  specified  in 
terms  of  Reynolds  and  Strouhal  numbers. 

3.  An  acoustic  resonator  is  coupled  to  the  orifice 
to  increase  the  frequency  selectivity  and  also 
act  as  a  velocity  am  lifier  which  controls  the 
flow  at  the  orifice  of  the  jet.  It  is  important 
that  the  resonator  be  tuned  to  the  frequency  for 
which  the  flow  is  most  sensitive. 

A  stream,  which  is  stable  along  one  nozzle  boundary  in  the  undis¬ 
turbed  state,  may  be  switched  acoustically  to  a  second  stable  condition 
along  the  opposite  boundary,  during  the  period  that  the  flow  is  dis¬ 
turbed,  when  only  the  rirst  two  conditions  set  forth  above  are  present; 
however,  greater  sensitivity  and  frequency  selectivity  may  be  achieved 
when  the  third  condition  simultaneously  is  ->resent.  When  the  disturb¬ 
ance  is  removed^  the  stre.  m  returns  to  its  original  stable  state. 

Onerating  conditions  nave  ranged  from  a  Reynolds  number  (based 
on  stream  thickness  and  average  velocity)  of  300  to  A, 000  and  a  Strouhal 
number  (based  on  stream  thickne.s,  average  velocity  and  control  fre¬ 
quency  of  0.C7  to  0.3.  Innut  >ignnl  levels  range  from  .5  to  50  dynes/ 
cm  .  Response  time  and  sensitivity  of  the  device  depends  >rimari  ly 
on  how  close  the  onerating  monostable  poi nt  is  to  the  region  where  oner- 
ation  would  be  bistable.  Experimental  results  from  a  study  of  nozzle 
geometry  on  the  hysteresis  phenomenon  for  bistable  one  ration  are  of 
'Tirm.  importance  and  hence  emphasized  along  with  the  importance  of 
the  round  sensitive  characteristics  of  fluid  jets. 


Introduction 

The  acoustically  activated  fluid  switch  denends  irimari  ly  on  the 
sound  sensitive  characteristics  of  laminar  jets  and  on  boundary  layer 
control  or  the  Coanda  effect.  First,  the  laminar  jet  Is  onerated  in 
the  region  of  flow  where  it  is  most  unstable  to  small  disturbances  at 
the  designed  switching  frequency.  "econd ,  the  nozzle  exit  boundaries 
are  adjusted  so  that  the  undi -turbed  stream  is  monostable  on  one  bound¬ 
ary,  and  in  the  disturbed  state  it  is  conditionally  stable  on  the 
opnosite  boundary.  The  nrlmary  flow  is  the  jet  itself  which  sets  up 
a  secondary  flow.  'Then  acoustically  disturbed,  the  free  boundary  of 
the  stream  devein ^es  Into  a  vortex  flow  which  increases  entrainment 
and  sufficiently  adjust  the  secondary  flow  to  cause  switching. 


Tet  In  t . .  b  i  1  i  tv  It  r.  t  ori'tic. 

The  ou  nd  ;i  ti  v<*  el  needs  no  i  nt.ro  ,'u:Uor.  to  tho  »*•  work  l  n; 

in  th  r  field  of  f  In  i  1  m  1  i  f  i  c  a 1 1  on  for  it  i  .  now  yell  r  e-o  n :  ed 
how  i  r  ort  nt  j  t  t  in  t  ^ility  c  i  ■  r<ic  t  cr  i  s  1 1  c  s  re  in  the  Jevi  lo  men. 
of  fluid  jet  devi.i  .  Although  m.  the"-.',  t  i  c  1  J»  »cri  tl  or.  of  the 
flow  it  “If,  e;  eci  1  !y  in  the  well  level  o'ni  vortex  flow  re  ion,  i 
neitner  in  le  <%ar  .  y  to  work  with,  the  hy  ice!  hiri't-Tl  tic.  of 
the  j  et  are  known  from  t  e  1  r  >.e  mount  of  ex  eri  mental  work  th  t  h.i  . 
be<  n  done . 

It  was  originally  ex  ected  thnt  if  the  jet  was  f ree  for  several 
slit  width,  do-vri  t  re  am  of  the  orifice  before  rcatt  chin’,  to  a  boundary, 
that  it  would  be  ser.  ltive  to  sound  in  e  .entiilly  the  one  region  of 
the  Reynolds-  trouh  1  1  ne  a  th  t  of  the  free  jet.  This  expectation 

has  seemingly  been  fulfilled  by  our  ex  erl mental  work. 

Fi  ,’ure  l*sk)v »  the  region  of  operation  rer  free  1  ini  n.  r  1  a  ne  jet 
having  an  exit  •  raboli  velocity  rorile.  Tne  -olii  line  re-resent' 
the  assumed  region  of  maximum  sensitivity.  The  R- s  region  lown  en¬ 
compasses  tne  operation  region  for  the  cd  'ctone  without  <■  re  onatoi  . 
(Reaonntor  •  bro.  den  in  opera  ti  n^'  re  ion  con  ideriblyO  D  -t.  taken  by 
thi  '  author  under  th  inction  of  '  rofe  .or  .  1  ~n  ''owe  1 1  it  the  rero- 

onics  Laboratory  was  <  ter  'ubli  died  in  reference..  1  nd 

■MthoUjh  for  the  i/ork  described  in  thi  ,  a  er  the  channel  len  til 
was  sufficiently  lonj  to  ea  ure  parabolic  velocity  -  rotile  at  the 
highest  ex  ecte’.  Reynold  number,  m.  ay  other  ievice  .  use  short  channels 
with  the  exit  velocity  described  more  closely  by  a  qu  re  velocity 
profile.  Following  the  approach  found  an'  li  cable  in  boundary  layer 
flow  ,  a  modified  momentum  thickne.s  ha.  been  considered.  W c  define 
the  "jet  momentum  thickne  .  "  a  ;  Vi 

*  =  s'4 

o 

where  /  is  the  c  l  wiJti  .  iJ*»  i  .  the  centerline  velocity.  cor  i 
square  profile  (which  c  i  only  be  a  moxl  mated  in  r  cti  e)  the  jet 
momentum  thicknes-  i  simply  the  channel  thickne  .  S  .  ror  a  ara- 
bo  1 1  c  p  ro  f  i  le  ,  o  •  m.  'Jjin0  the  jet  momentum  thickness  as  the  character¬ 
istic  length  in  the  dimen  ionle.  Reynold'  and  j trouh a  1  number  appears 
to  offer  better  dynamic  similarity.  It  also  helps  to  adju  t  for  the 
increased  instability  fr  inti  for  the  square  velocity  profile  compared 
to  th  parabolic  flow. 

It  nay  be  noted  th~t  the  line  d  orinin,  the  redon  of  maximum 
sensitivity  doc  not  lie  in  the  center  of  the  region  of  operation  r1  - 
rnarily  because  the  -acini  gain  is  profoundly  influenced  by  the  con- 
vected  wavelength,  d  t  low  Reynolds  number  the  jet  is  considerably  more 
stable  than  at  higher  Reynolds  number.  This  is  partly  Jue  to  the  sta¬ 
bilizing  influence  of  viscosity.  We  can  expect  tne  jet  to  become  stable, 
or  at  least  neutrally  table,  for  small  btrounul  number  becau  -.e  the 

^Figures  start  on  page  121. 
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wavelength  is  -,u  f  f  i  c  i  ent  ly  Ion*/  tnnt  the  disturbance  1  convected  out 

of  Lie  region  of  latere. L  before  any  gros.  an.  lifi  cation  can  take  1-iCe. 

fjrta.rno.'c  ,  the  jet  ;  t.  ble  .or  i..r^e  itrouaal  number  •  bee  a.,  -e 
w.iea  Lr  conveetcl  w  .velen  ,t.i  re..c,ie  tat  or  ier  of  .  .ltudt.  o the  jet 
width,  the  i..du.-e  velocity  effect  become  .  incoherent  at  cue  roce  . 
of  vortex  co..le  cenee,  cue  inecaani  am  re  .non  .1  ble  for  the  devclo  i 

vu.  t  .N  .  lo  i  .  related.  for  ..  lu;  wi  .  .  lie.. Ho..  na'an 

d  c  r .  i  .  tie  c  r  . .  a  ^  .oi  ..t  i  iu  1  tc  to  .  on  t.i  e  line  re  re  - . .  1 1  a  tJ  tii  . 

.c  Jo.i  of  ..i.e.iiiu.  emotivity.  In  tae  event  that  the  wi  tea  :  to 

re  ; non.,  to  ei  taer  of  two  input  frequenci  tae  operating  point..  ..re 
stitably  eao  c.n  >y  i.ietr  i  ..  a  l  ly  about  Lie  line  of  maximum  .  casi  t.  v.  ty  . 

For  fluid  control  lea  device,  where  in.tao;liL  i  .  ..  probl--..  in 
to  operate  hoove  or  well  below  the  indicated  rev, ion  of  operation. 

juuia  try  Layer  fontroi 

oualapy  1  ;  s.  control  i  n  a  vi  >cou  flow  fiela  r  'O.ssible  clue  to 
the  regenerative  .  c  Lion  o  *.  l  lui  d  entrni  .u.ient.  <’e  em,  leg.  tai  aei.oit)- 
onon  to  control  t.ie  d  a  tlonal  st.oility  condition  ol  the  jet.  For 
our  a,  'lieatiun  we  w..at  the  cream  to  b;  normally  ..cable  on  one  bound¬ 
ary,  'out  of  cour  ,  not  too  table  for  we  riu  .  t  be  able  to  .witch.  den  , 
we  want  the  cot. .  i  ti  on  which  y.elds  the  jet  ju.C  ware  ly  stable  on  one 
boun  .  ry,  out  ih  r  tae  table  flow  region  for  tae  o;  o.ite  oouad'.ry. 

Let  u  con.ider  ..  lew  .low  exam  le  .  a -id  the  a  it  will  be  .p.p. irent 
way  tae  flei  -wi  ech  Oeonetry  i  era  loy  1.  Figure  .  i  1  lu  tr.  to  . 

yiretr  i  ea  1  noc/.le  waere  the  flow  coul-  attach  to  either  bouad..ry. 

.  s  ui..v.  tae  flow  to  oc  on  the  left  boun—  ry  -  ah  own.  how  ,n  we  wi  th- 

dr.  w  tae  1ft  not.  le  w.  11  the  jet  follow,  and  remain,  attached  lon0 
a.  fluid  cn  t  ra  i  ament  i  .  .efficient  to  kee  >  tnc  c..v.  ty  re  .cure  sufficient¬ 
ly  low  to  overcome  tae  centnfu  al  force  on  the  stream.  hote  taut  a., 
the  wall  i  .  withdrawn  the  influence  o.  Cue  right  wall  i  ,  rapidly  being 
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remain,  attached  to  the  right  wa  1  . ,  If  we  move  the  left  boundary  fur¬ 
ther  toward  the  jet  we  ‘lad  a  condition  where  the  regenerative  pressure 
..rea  on  the  left  again  dominate  the  balince  of  force,  and  L.  c  jet  <'gain 
becomes  attached  to  the  left  wall.  Fiacre  fb  .how ,  plot  of  the  over¬ 

all  action  whish  we  call  the  hy  . tere.ij  ,  aenomenon.  Vs.  could  0et  a 
.Imi lar  hy.teresi  .  e.fect  i L  we  were  to  make  the  variable  the  cavity 
pre  .  ure  or  input  control  jet  volume  flow  instead  of  no-rle  wall  position. 
A  jet  which  ha  a  hysterctic  history  a^  shown  i called  a  bistable  jet. 

It  is  oovious  that  the  hysteresis  effect  should  not  be  dominant  in 
our  application.  To  reduce  the  hysteresis  action  we  can  a-just  the 
no c r.  1  e  walls  so  that  the  critical  ratio  [U/s\i  s  almost  met;  then  the  jet 
is  always  on  the  verge  o;  switching.  Vi th  the  area  under  the  curve 
tending  to  aero  we  approach  the  condition  where  oscillation  is  possible 
or  we  mi  gat  say  that  the  jet  i j  unstable. 
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->  lou;  .no  jou.i  .  r  i  e  .  re  .y.,tnu  t  ri  c a  1  th_  jet  .  m  only  dc  bi  - 
•>L  dole  (a  >pec  i  .1  cn.  .e  i  ./.  ,uru  :  t  o  ,  c 1  1  L.teO  .  In  flu:  ..t.  1  i  f  i  e  r  .  t  ,c 
u.ual  tecimi  <-jw  u  i  ■  to  u.  ,  tic  ...... ,i  j_t  wi  tn  -  control  jet.  I  a  oar 

v>-  <e,  .  ~o  not  cm;  loy  ..  .eCon>  jot  .0  luat  tne  uK.  .i:i0  i  ..  ..ccom,  1  i  ..led 

oy  making  tne  boundur.e.  a  .yus  ,.e t r i  c  .1. 

Let  ua  next  con  .1  far  an  a  .yumetri  cn  1  conf  1  gur.i  t  i  on  a.  moon  in 
•  gurei  and  4.  For  1 1  value  o  I  d  Lie  jet  i  ,  deflected  from  the 
left  oouaJary  toward  the  ngnt  oounb^ry  .uu  ultimately  ..itacne.  n  long 
tae  ri^ht  bound.  ry.  Taw  j-L  i ..  ^^olc  on  tne  ri0nl  only  (jIu).  .v_.  ^ 
is  i  icreascd  tne  jet  become.  oi  .table,  euf  more  .table  on  tae  right  tin* a 
on  the  left  (e>  R)  .  .  d  l  -  fur  tile  r  lucrta  l  tne  nolc  ,  of  opera¬ 
tion  -re  re  .pecti  Vely;  oi  .t  .ole  (D  -I  ,  oi  w.  ol e  wi  tn  reader  .il.r.icaou 
On  til  c  left  ( ..  .  Ly  ,  am'.  u.ole  on  uie  left  Oily  (bLC) .  f...  -  become.- 

veiy  large  ..n  j  e  w  A  *  umbie  n  1 1 ..  c  a  to  tae  ie.t  w.i.l  *.  ..  Lite  -  e  cya  eac  e 
revert,,  to  ,.j  **'•-,  3  . ,  jj  ~*v,  .i  m  .  i  no  1 1  y  .  RC . 

The  general  -logo  of  tae  rcoi0iL  re  ult.  from  tae  f  ,ct  tluu  in 
laminar  flow  tae  j  .t  brea  'ta  bou  »  not  mcrea.e  a.i  rabidly  oi  th  -own- 
L rcatn  di  .tance  a  .  _ao  Reynold  .  number  i  >  increased,  whi  le  a.,  i  n,  eas¬ 
ing  turbulence  i .  rsacned,  tne  jet  .pre~d  .  ..-ore  rapidly  a.,b  at  .u  ghcr 
Reynold',  number  >  tie  :  low  i  .  ea  .anti  oily  i  nd  ..cadent  of  Reynold,  number. 
Thi  •  plot  i  ■>  .orne. /hat  1  eali^tic  .or  ia  a  rea  1  .ituution  the  low  re¬ 
gion.  are  not  a.,  well  It. fined  ....  indicated  due  to  tne  onset  of  oscilla¬ 
tion. (This  i  of  a  different  nature  from  the  o  .dilations  j.reviou.ly 
mentioned  which  result  from  an  er.  .entially  <-ero  hy  >tere..l  s.  fnese 
oscillations  are  of  tiie  ed  etonc  cla.u  and  their  articular  beiiav  or 
depends  on  the  con  . true ti on  of  the  device*) 

The  cros  ; -hatched  region  is  tiie  one  of  particular  interest  to  us. 
Mere  the  jet  i  .  .t.blc  on  the  left,  but  not  Loo  -.table.  Re  call  it 
no  nor.  table  ;  l  nc  e  a  suitable  disturbance  can  change  it.  .Lability  con¬ 
dition.  The  closer  we  o;  crate  to  the  boundary  between  >LG  and  Jj  +  L, 
tne  r.ore  ea  i-ive  will  the  device  become .  The  region  .RQ  and  .LC 
are  tie  only  one.  wfuu..  io  not  'O^.e  s  hy  . tore  i  . 

’ow  as  tiie  ratio  .  fa  ..p  roach  l  unity  tic  ,L0  re, ion  becon.es  van¬ 
ishingly  >ma  11  .o  tii.it  t  it  node:,  wi  tii  lucre. •  sing  d  are  RO,  D  >  +  R , 
o  > t  a  nd  j  i\  0 . 

Dimension  c  l  .  chosen  to  be  smaller  than  the  distance  at  wnicii  tae 
.trenm  could  o>clllatu  at  its  highest  vorkliij  velocity  whereas  dimen¬ 
sion  a  i  >  chosen  to  be  as  large  as  the  di  stance  required  for  full  vortex 
development  at  the  lowed  working  velocity.  Dimension,  o  and  d  are 
then  elected  sc  that  the  uroadest  operating  region  is  possible  or  for 
maximum  ensltivity. 

boundary  wall  lengtii  also  plays  an  Important  roll.  In  general, 
y  teresis  is  ii.creascxi  for  long  walls  raid  the  mono  stable  region  di- 
nini ah«*  slightly.  On  tiie  other  hand,  for  extremely  short  walls  tne 
boundary  influence  vanishes. 
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Manufacturing  to  lernnces  require  that  the  monostable  region  oe 
sufficiently  broad ;  and  furthermore,  for  operation  over  a  lar  ,e  ran.  e 
of  stream  velocity  it  is  ldvnntageou  for  the  region  to  be  viral  lei  to 
In  e  nb  >c  i  3  sn  . 

As  mentioned,  fi  ;urc  U  is  somewhat  iceali  -tic  because  tiie  lot  1  . 
generally  more  com  lex  due  to  various  region,  of  -.e  1  f- exc  i  ted  oscillation, 
yu  i  te  often  it  is  found  that  the  'LC  region  is  con  letely  clo.ed.  The 
double  cross-hatched  ;raa  i  »  the  one  where  acoustically  activated  witch¬ 
ing  is  no st  sensitive. 


Descri  Lion  of  the  Sw  I  toning  icchnni  .m 

..  ty  i  on  l  conf  i  ur..tion  i  .  .  iowii  in  fi  ;ure  1.  The  large  cavity  on 

the  ri  gl  1 1  of  tile  jet  ;  a  re  ;onator  of  tic  iiclmholt  type.  "or  low 
frequency  v./i  tchi  n  Lae  Teliiholt-  type  resonator  ( lur.i,  ed  parameter )  i  . 
u  ,ed,  whereas  for  higher  frequencies  (above  1  or  kt  >)  loti, .i  tuJin  il 
.standing -wave  re  onators  are  more  practical.  Fi,gire>  ’a  tiirouji  Sc 
illu'.tr.  ce  tac  roce  .  .  of  n./i  Lchi  nw.  Wi  ta  the  jet  adjusted  to  be 
sensitive  to  snail  di  •  turbnnce  >  and  oper  >  ti  n_,  in  the  none  .table  flow 
re  ion,  we  have  the  jet  attached  to  the  .cfg  boundary  wall.  Fluid  en¬ 
trainment  establishes  the  secondary  flow  illustrated.  When  an  icou.tic 
signal  at  the  resonant  frequency  of  the  resonator  enters  the  switch 
from  the  downstream  side,  the  jet  becomes  disturbed  with  the  resulting 
developed  vortex  flow  illustrated  in  figure  5b.  The  vortex  flow  in¬ 
creases  entrainment  (thus  lowering  the  pressure  In  cavity  V^)  and  tends 
to  Increase  the  secondary  flow,  thereby  lowering  the  pressure  on  the 
right  boundary.  Within  a  few  cycles,  assuming  the  external  acoustic 
disturbance  continues,  the  vortex  flow  developes  to  a  sufficient  mag¬ 
nitude  to  suppress  the  secondary  flow  and  switching  is  necong  lished  with 
the  ultimate  turbule  t  reattachment  of  the  jet  on  the  right  boundary. 

The  pressure  gradient  from  cavity  to  the  ambient  atmosphere  tends 
to  counterbalance  the  centrifugal  force  on  the  jet,and  It  stays  re¬ 
attached  to  the  right  boundary  as  long  as  the  acoustic  disturbance 
exists.  When  the  disturbing  signal  ceases,  the  jet  returns  to  the 
left  boundary  thereby  allowing  automatic  reset. 

I npu  t  51 gna 1  Impedance 

The  switch  can  be  driven  at  a  low  acoustic  impedance  point  as 
illustrated  In  figure  6,  or  a  high  acoustic  impedance  location  in 
the  cavity  V ^  as  shown  in  figure  7.  Of  course  intermediate  driving 
impedances  are  available  and  for  longitudinal  standing  wave  resonators 
the  impedancc-space  characteristics  art  more  amenable  mathematically 
than  for  the  Helmholtz  resonator.  The  conf  i  gu  ra  t  i  on  Illustrated  as 
figure  6  has  two  prominent  modes.  The  lowest  frequency  mode  is  one 
where  the  acou  tic  flow  is  in  phase  in  both  ca  vi  ti  e  s,  whe  rea  s  the  i  i  gn 
frequency  mode  is  one  wi  tn  a  guise  reversal  between  the  two  side  cav¬ 
ities.  This  higher  frequency  mode  is  extremely  attractive  since  it 
allows  the  most  effective  drive  to  the  jet  with  the  disturbance  pre¬ 
dominantly  transverse  to  the  stream.  On  the  other  hand,  the  .system 
Is  not  only  responsive  to  two  frequencies  but  it  also  implies  a  re¬ 
duction  in  jet  sensitivity  since  the  two  operating  points  in  the  R  j 


plane  must  strudle  the  region  of  maximum  sensitivity. 


When  driving  the  swi  tch  through  the  cavity  <1  s  shown  in  figure  7, 
the  equivalent  circuit  shows  tne  resonator  to  be  in  parallel  resonance 
thus  offering  a  maximum  impedance  at  resonance.  This  requires  the 
source  impedance  to  be  large  so  that  the  resonant  response  is  not 
damped . 

Frequency  selective  Response  and  densi tl vl ty 

Acoustic  resonators  have  been  included  to  Improve  the  frequency 
selectivity  of  the  switch  thus  allowing  more  channels  in  i  given  fre¬ 
quency  space.  The  resonator  also  augments  the  acoustic  particle  ve- 
locityln  the  vicinity  of  the  jet  orifice  thereby  increasing  sen.  i t i vl ty . 
Figure  R  illustrates  the  sensitivity  and  frequenc>  selective  response 
for  two  different  switches  which  are  spaced  nearly  an  octave  a ( art  in 
frequency  space.  The  curve  is  for  the  minimum  acoustic  pressure  needed 
at  a  particular  frequency  to  activate  switching.  The  >I'L  measurements 
were  taken  in  an  nnecholc  chamber.  The  ordlnutu  is  the  free  fielu  >i  L 
which  existed  In  the  space  location  of  the  switch  with  the  switch  re¬ 
moved  . 

Channel  separation  is  on  the*  order  of  .3  to  '0  db  as  illustrated. 
The  expected  control  over  input  signal  level  and  frequency  determines 
the  required  channel  separation  level,  and  the  s  (quality  factor)  of 
the  chambers  specifies  the  frequency  spacing  required  for  multiple 
channel  operation. 

In  practice  we  have  successfully  o;  erased  acoustically  activated 
switches  from  400  Cps  to  4  keps.  At  tie  lower  frequencies  the  res¬ 
onators  become  quite  large  so  that  s,  ace  limitation;  must  be  con¬ 
sidered  anJ  at  the  higher  frequencies,  say  at  4  keps,  the  no-/ le  ad¬ 
justment  Is  more  cri  tl  ca  1  anJ  poses  hi  gh-  production  manufacturing  lim¬ 
itations.  In  addition,  at  the  higher  frequencies  the  radiation  re¬ 
sistance  is  seen  by  the  re  onator  is  becoming  large  mo  hence  the  A 
of  the  resonator  is  decrea  ln6.  The  largest  ^jure  found  for  the  low 
frequency  resonators.  One  major  advantage  the  he  Imho  1 t/  type  reson¬ 
ator  has  over  the  longitudinal  standing  wave  type  is  that  the  over¬ 
tones  are  not  ha  rtnonl  ca  1  ly  related  and  the  second  mole  Is  generally 
several  octaves  above  tne  fundamental  re->onmce. 

The  ratio  of  flow  power  at  the  channel  exit  to  the  acoustic  power 
entering  the  switch  has  been  found  to  be  a s  high  .is  half  a  million  for 
the  most  sensitive  swi tones.  For  models  capable  of  operating  over  a 
3CT  change  in  stream  velocity,  this  over  ratio  l  .  generally  on  the 
order  of  .1  to  .7  million.  Of  course  pjwer  recovery  at  the  no/- le 
exit  dejends  on  the  turbulence  level  of  the  jet.  Momentum  recovery 
for  fully  Jt\.eloied  vortex  flow  is  on  the  order  of  or.e  half  since  tne 
rotational  momentum  is  not  generally  recoverable. 

It  is  interesting  to  note  that  when  the  device  is  operated  in  a 
regenerative  manner  it  has  >henomena!  sensitivity  wtiich  Je  end.,  pri¬ 
marily  on  the  noise  level  of  the  channel  flow.  In  tie  regenerative 
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mole,  the  "c"  dimension  i.  ad  justed  ,o  that  the  device  !.  on  the  verge 
of  edgetone  type  oscillation.  Then  only  an  extremely  .mall  acou.tlc 
signal  Is  needed  to  .upnlement  the  feedback  to  enhance  oscillation. 
Once  In  Oscillation,  the  switch  &ei.e  ites  it  own  .ignal  for  switch¬ 
ing,  Cf  course  this  ty  e  of  operation  l  .  difficult  to  control.  It 
requires  extremely  good  control  of  the  channel  velocity  and  n  quiet 
entrance  flow. 

Iwl to  h 1 ng  Response  Time 

This  device  is  not  considered  to  nave  a  quick  re.;>onse.  The 
number  of  acoustic  cycles  neces.ary  for  swltc.hing  depends  on  the  li.put 
signal  level  and  on  now  close  the  Operating  .oirit  Is  to  the  boundary  be 
tween  ,L0  (mono  .tabic  region)  and  J.  *  L;  le,  now  close  the  ,y  .tern  1  . 
to  h«iving  a  little  ty.teresis.  .luce  the  pres.ure  In  tne  chamber  bull-, 
up  exponentially  as 

*'•«*] 

where  PB  Is  the  driving  tree  field  ressure,  the  response  time  Is 
primarily  dependent  on  the  s  of  the  cnamber  and  the  frequency.  As  an 
example,  the  switch  wnoso  response  Is  ,hown  in  figure  3  requires  on 

the  order  of  50  cycle,  to  switch  with  an  input  signal  at  70  db  and  1  kc 

For  much  higher  input  signal  levels  the  minimum  number  of  cycle..  Is 
reduced  to  5.  Hence,  for  a  1-kcps  ,wl  tch  response  times  ranging  from 
5  to  50  ins  can  be  expected.  For  lower  frequency  switches  the  re¬ 
sponse  time  will  be  longer, 

iunyu  t  r  y 

Acoustic  .witching  of  ,ounJ  sensitive  laminar  jet.  h.  s  been  de¬ 
scribed  In  some  detail.  The  mechani  >m  for  switching  is  quite  clear. 

The  sensitivity  of  the  device  depend  a  on  the  quietness  of  the  flow, 

how  c  lose  the  operating  point  Is  to  the  mono  . table  ooundnry,  am  on 

the  Q  of  the  associated  resonator.  Frequency  elect!  vity  depend-,  pri¬ 
marily  on  the  A  of  tnc  re  .oiulor.  ,wi  toning  time  depend,  on  tne  in  at 

level,  the  ^  of  tie  re  .cantor,  the  frequency,  id  ag.,in  the  neurne.s  of 
o  eration  to  the  mono  ,t.  ble  oou ndary .  The  lumber  of  av..i  1  ole  cn  .  me  1 

depends  r .  r  i  1  /  on  tne  c :i.m,.e  1  . e  .  r  > 1 1  on  or  "c  ro  .  .  i .  .  k "  n  l  lo w,. b  1  e  , 

as  well  as  in.. ay  ot.ur  actor,  tint  n.  ve  oe<  n  mentioned.  The  -evi^u 

w,*.  s  originally  develo  n.  a  iow  cot  uo.titute  or  ..n  electronic 

ml  c  ro  phone-urn  li  Tier -re  lay  circuit,  out  it  i  .  cx,  ecte^  ta.it  many 
other  useful  fluid  coatroiled  circuitry  a  plications  will  be  found 
especially  where  frequency  d  1  .c  r  i  mi  a.,  ti  on  i,  e.ucnti  .1. 

Re  f  erenc  es ; 

1  •  a,  .  owe  1  1 ,  J.  .  ,ou  ,t .  ,o^  .  Am.  vo  1 .  3  .  ,  ,  >  5  (  19o  1) 

.  .  .  o  we  1 1  f*  ...  tinricw,  c  u  i  v ,  ^..ii.,  ..t  ..ngele.s 

30,1.  £n,r.  R o , , t .  u  4  -  4  v  ,  (  1  ?  o  4 ) 
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SOME  INFLUENCES  OF  TURBULENCE  ON  THE 
NOISE  OF  PROPORTIONAL  FLUID  AMPLIFIERS* 


by 

Dennis  W.  Prosser 
and 

Michael  J.  Fisher 

IIT  Research  Institute 
Chicago,  Illinois 


I .  INTRODUCTION 

In  this  paper  we  discuss  the  "noise"  problem  associated 
with  proportional  fluid  amplifiers.  The  word  "noise"  refers  to 
the  undesirable  pressure  fluctuations  which  turbulence  super¬ 
imposes  on  the  mean  pressure  signal  measured  at  a  receiver 
placed  in  the  fluid  jet. 

We  now  consider  how  noise  can  adversely  affect  the 
performance  of  a  proportional  fluid  amplifier.  A  simplified 
version  of  such  a  device  is  depicted  in  Fig.  1.  A  main  jet, 
which  of  its  own  accord  would  by-pass  the  receiver,  is  deflected 
by  a  control  jet.  A  portion  of  the  main  jet  is  "collected"  by 
the  receiver.  The  momentum  of  the  collected  portion  of  the 
jet  is  converted  into  pressure  within  the  receiver. 

To  perform  accurately  functions  such  as  computing  or 
controlling,  changes  in  input  stimuli  (control  port  pressure) 
must  be  reproduced  faithfully  as  changes  in  the  output  signal 
(receiver  pressure).  Furthermore,  the  relation  between  input 
and  output  must  necessarily  be  known. 

Ideal  conditions  for  relating  input  to  output  exist  if 
the  jet  flow  is  not  accompanied  by  turbulence.  In  that  case, 
the  receiver  pressure  will  remain  constant  so  long  as  the  input 


3TFT  work  presented  herein  was  supported  by  the  Harry 
Diamond  Laboratories  of  the  U.  S.  Army  Materiel  Command  under 
Contracts  No.  DA-49 - 1 86- AMC- 1 0 1 -C ( D)  and  DA-49- 186-AMC- 192 (D) . 
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stimuli  are  constant.  Analytical  reiarions  betve  ~  nput  and 

output  have  beet;  established  for  this  idealized  sit  a  v-state 
1  L  i 

situation.  '  '  Unfortunately,  in  an  actual  fluid  amplifier 

the  jet  stream  is  turbulent.  Thus,  t  ven  when  the  - ean  for 
average)  input  conditions  are  held  constant,  there  ill  e 
some  fluctuations  in  the  output.  As  stated,  thesi  fluctuation 
will  be  referred  to  as  noise. 

One  adverse  effect  of  noise  is  its  tender  y  to  -nasK-out 
changes  in  output  signals.  When  small  but  rapid  changes  are 
made  in  the  input  stimuli,  corresponding  changes  should  result 
in  the  output.  With  turbulence  present,  however,  additional 
fluctuations  (noise)  in  the  output  will  also  exist.  Under 
certain  conditions  it  will  be  difficult,  if  not  impossible,  to 
distinguish  between  variations  that  reflect  the  changing  stimuli 
and  the  noise.  It  is  equally  possible  that  the  noise  might  be 
interpreted  as  a  variation  in  the  stimuli,  even  when  none  occurs. 

It  is  possible,  of  course,  to  lessen  or  even  completely 
eliminate  the  effects  of  noise  by  properly  designing  the  receiver. 
This  possibility  exists  because  fluctuations  in  the  jet  velocity 
field  give  rise  to  pressure  fluctuations  at  the  receiver  entrance, 
where  the  fluid  is  stagnated  (Fig.  1).  It  is  the  pressure  in 
the  receiver  chamber,  however,  that  represents  the  output  signal. 
By  providing  the  proper  combination  of  entrance  resistance  and 
chamber  volume  (capacitance)  comparatively  high  frequency 
fluctuations  at  the  entrance  can  be  prevented  from  reaching  the 
chamber.  It  must  be  emphasized,  however,  that  this  attenuation 
can  only  be  obtained  at  the  expense  of  a  reduced  frequency 
response  of  the  device  as  a  whole.  Quite  obviously,  then,  the 
characteristics  of  the  turbulent  fluctuations  must  be  known 
if  their  effects  are  to  be  damped  out  without  unduly  limiting 
the  sensitivity  of  the  receiver.  This  work  represents  a  step 
toward  understanding  and  evaluating  the  effects  of  turbulence 
on  the  operation  of  proportional  fluid  amplifier0 

**  Superscripts  denote  references. 

NOTE:  Figures  start  on  page  152. 


131 


The  literature  contains  many  relatively  successful 
attempts  to  predict  analytically  the  mean  values  associated 
with  turbulent  jets,  e.g.,  the  mean  velocity  field.  These 
analytical  "solutions"  are  obtained  by  employing  the  Navier- 
Stokes  equations  for  turbulent  flow  and  incorporating  standard 
phenomeno log ica 1  laws  to  relate  the  correlation  of  fluctuating 
velocities  to  the  gradient  of  the  r  an  velocity.  On  the  other 
hand,  no  attempt  has  been  made  to  determine  the  fluctuating 
velocit)  field  itself.  The  complexity  of  the  problem  makes  this 
readily  understandable,  and  no  attempts  were  made  along  these 
lines  during  this  work.  Rather,  since  the  statistical  properties 
of  the  velocity  field  can  be  obtained  readily  using  hot-wire 
anemometrv,  we  set  out  to  establish  a  suitable  statistical 
description  of  the  pressure  fluctuations  at  the  receiver  entrance 
i'  terms  of  the  statistical  characteristics  of  the  velocity 
field  of  the  jet. 

II .  THE  BASIC  EQUATIONS 

Refer  to  Fig.  2  which  depicts  a  receiver  in  a  two- 
dimensional  jet.  The  instantaneous  pressure,  p^,  at  any  point 
on  the  receiver  entrance  (such  as  point  B)  is  given  by  the 
expression 

1  2 
Pi  -  7put 

where  u-^  is  the  instantaneous  velocity  just  upstream  from/  the 
point  under  consideration.  If  both  the  pressure  and  velocity 
are  expressed  in  terms  of  their  time  averaged  components  (P  and  U) 
and  their  turbulent  components  (p  and  v)  as  p^  c  P  +  p  and 
Uj  =  U  +  u,  then  employing  the  fact  that  u  =  0  it  is  easily 
shown  that 

P  =  ^pU2(l  +  I2)  (1) 
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and 


yP  ( 2Uu 


u 


7) 


(2) 


where 


I  *  "V  u*7  1  (3) 

is  the  local  turbulent  Intensity  and  overbars  (  )  denote  time 

averages. 

i'he  tune  averaged  and  turbulent  pressure  components, 
averaged  s  itially  over  the  entrance  of  the  receiver,  are  then 
obtained  from  the  expressions 


and 


1 

(y2  -  yp 


P(:<o,  y)dy 


Pf  (t) 


<y2  -  yp  Jy 


p(xQ. y, t)dy 


(5) 


where  yl  -  yQ  and  y2  -  yQ  +  J? . 

The  quantity  Pf  is  what  we  will  refer  to  as  the  signal,  whereas 

Fr 

Y is  referred  to  as  the  noise. 

Later  we  will  show  that  quantities  such  as  U/U  and 

Y  uz  /U  ,  at  various  axial  locations,  collapse  to  a  single  curve 
when  plotted  against  the  similarity  parameter,  T),  defined  as 


T| 


y  -  w/2 

X 


(6) 


where  w  is  the  width  of  the  nozzle.  Therefore,  it  is  convenient 
to  write  Eqs.  (4)  and  (5)  in  terms  of  T|.  The  resulting 
expressions  are: 
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1 


2 


pr  >ct 


(7) 


r 


f 


V 


'n1 


and 


Pf(0 


P(m,  C)dtl 


(8) 


Note  that  T]  is  the  line  from  point  A  (Fig.  2)  through 
point  (x  ,  y  )  and  is  the  line  from  point  A  through  point 
(xq,  yQ  +  J?).  F  .rthermore,  since  Eqs.  (7)  and  (8)  are  independ¬ 
ent  of  x  ,  the  results  hold  for  any  receiver  whose  edges  lie 
on  these  two  lines.  Thus,  the  single  integration  yields  results 
for  a  family  of  receivers  of  diflerent  sizes  located  at  different 
axial  stations.  There  is  a  limitation  to  the  above  statement; 
namely,  the  receiver  whose  edges  lie  on  the  two  lines  must  al'O 
lie  wholly  above  the  center  line  of  the  jet.  This  is  necessi¬ 
tated  by  the  fact  that  the  definition  of  Tj  (Eq.  (6))  is  valid 
only  when  y  ^  q .  When  y  _<  0,  a  new  set  of  T|  lines,  originating 
from  the  lower  lip  of  the  jet,  is  required. 

Although  we  have  extended  this  work  to  include  receivers 
that  span  the  center  line  of  the  jet,  we  will  restrict  this 
presentation  to  receivers  which  lie  wholly  above  the  axis.  This 
restriction  is  necessitated  by  the  fact  that  we  presently  have 
numerical  results  for  only  thirty-five  receivers  of  different 
sizes  located  at  various  positions  in  the  jet.  Of  these  thirty- 
five,  only  seven  that  lie  above  the  jet  axis  lend  themselves 
to  a  systematic  presentation  of  results.  An  additional  lb5 
receivers,  79  of  which  span  the  axis,  are  presently  being 
evaluated  by  a  computer  program. 

The  restriction  to  receivers  above  the  x-axis  does  have 
the  advantage  that  the  mathematics  are  a  little  less  complex 
and  hence  easier  to  present.  Indications  are  that  some  quan¬ 
tities  change  sharply  as  the  receivers  begin  to  span  the  x-axis. 
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Some  mention  will  be  made  of  these  facts  later  in  the  section 
entitled  "Discussion  of  Results". 

To  obtain  an  expression  for  p^  we  write 


Pf<0 


i 

^2  -  V* 


p<ti.  c)dnl 


which  is  equivalent  to 


Pf  (c) 


pOi.Odn  I  p(5,t)d? 
j\ 


since  the  variables  of  integration  are  "dummy"  variables,  that 
is,  can  be  represented  by  any  symbols;  this  latter  expression 
can  be  written  as 


r  2  r  2 

Pf(0  -  - - - 7  p(T),t)  p(5,t)dT1dP,  (9) 

<^2  -  V  \  \ 

Assuming  that  time  and  space  averages  can  be  interchanged  on 
the  right-hand  side  of  Eq .  (9),  we  obtain 

rt  i  2  2 

Pf(c)  “  - - - 7  I  I  pT’l.  t)p(S.  c)dT)d£  (10) 

^  *  V  \  \ 

It  should  be  noted  that  £  and  T]  are  different  symbols  for 

the  same  thing,  namely,  a  measure  of  the  position  of  points  on 

the  receiver  entrance.  Thus,  when  £  -  T|,  the  integrand  is 
- 

p  (T|,  t),  the  mean  square  pressure  at  "point"  Tj.  When  £  t  T), 
the  integrand  is  the  correlation  of  pressure  between  "points" 

£  and  T]. 
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To  a  close  approximation  we  can  write  Eqs.  (1)  and  (2) 


as 


P  =  ^pu2 


p  =  pUu 


(ID 


Thus,  if  we  use  the  shorthand  notation  UT  for  UCH),  we  can 


write  Eqs.  (7)  and  (10)  as 


2 


2<T12  -  Tip 


un2d-n 


(12) 


and 


T 

Pf 


2  rT\. 


"P 

\  2 


T) 


1 


rT12 


Tii  Jp 


upj.  u^u,  d-na^ 


(13) 


Next,  we  introduce  the  correlation  coefficient  which  is  normally 
defined  as 


R(C.,T1)  » 


OnU. 

■  l  S 


V?\ 


(14) 


Tt  ~7 
ui 


Then  Eq .  (13)  can  be  written  as 


~7 

Pf 


'  p  ' 


n2  - 


T12  f'  2 


RCH.  OdUde  (15) 


Since  we  will  present  the  values  of  U/U  andy  u  /II  later  in 

o  »  o 

this  paper,  we  write  Eqs.  (12)  and  (15)  in  the  dimensionless 
forms : 


rf 

TTZ 


o 


cn2  -  \) 


d0 


(16) 
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and 


~1 

Pf 

~7~l 

:P  U 


'ii  RO,OdT|d* 

U 


o 


(17) 


Relations  Between  Signal  and  Noise 

Eqs.  (16)  and  (17;  are  the  basic  expressions  for  signal 
and  noise,  respectively.  Their  numerical  values  are  of  some 
interest  and  importance  in  then  selves,  however,  certain  inter¬ 
relations  between  these  quantities  shed  more  light  on  the 
receiver  noise  problem.  For  example,  the  noi se - to- s igna 1  ratio, 
I^(p),  defined  as 


If  (p) 


(18) 


is  useful  in  evaluating  the  performance  of  an  amplifier  with 
the  receiver  positioned  in  a  jet  held  stationary  by  the  control 
jets.  It  would  probably  be  even  more  useful  as  a  means  of 
evaluating  the  performance  of  each  proportional  amplifier  in  a 
chain  of  such  devices,  under  quasi-steady  state  conditions,  where 
the  noise  is  possibly  amplified  at  each  stage. 

To  evaluate  the  influence  of  noise  on  a  proportional 
amplifier  when  the  control  stimuli  are  varied  (so  that  the  main 
jet  deflects)  a  more  appropriate  relation  would  be  the  "coefficient 
of  noise",  C^-,  defined  as 


C 


f 


'a 


a 

ATI 


(19) 


The  subscripts  "a"  indicate  that  the  quantities  in 
parentheses  are  to  be  evaluated  when  the  receiver  is  stationed 
in  position  "a"  relative  to  the  jet  center  line.  The  numerator 
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is  simply  the  noise  at  position  'a".  The  denominator  represents 
tne  change  in  signal  for  a  small  deflection,  A’ . 

It  should  be  noted  that  mathematically  it  is  immaterial 
whether  AT]  represents  the  amount  of  deflection  the  jet  undergoes 
while  the  receiver  remains  stationary,  or  if  the  receiver  is 
considered  to  move  by  amount  AT]  in  a  stationery  jet.  Under 
normal  conditions,  one  would  hope  tnat  C ^  is  sma i 1  for  a  given 
deflection,  indicating  that  the  change  in  signal  is  large  in 
comparison  to  the  noise  so  that  it  can  be  detected  as  something 
distinct  from  the  noise. 

We  realize  that  there-  are  other  relations  between  signal, 
noise,  stimuli,  etc.,  which  would  be  more  appropriate  under 
certain  circumstances.  For  example,  one  might  wish  to  combine 
Eq .  (19)  with  the  relation  between  the  amount  of  control  stimuli 
required  to  produce  the  deflection  AT.  We  have  chosen  Eqs .  (18) 

and  (19)  as  the  most  obvious  and  possibly  most  useful  to  consider 


III.  EXPERIMENTAL  RESULTS 

In  order  to  eva lua te  the  expressions  presented  above ,  i t 
was  necessary  to  measure  the  pertinent  statistical  quantities 
associated  with  the  velocity  field  of  a  two-dimensional  jet.  We 
made  an  assumption  commonly  employed  in  fluid  amplifier  work, 
namely,  that  the  velocity  field  of  an  unobstructed  jet  will  be 
but  slightly  altered  by  the  presence  of  a  sharp-c-dged  receiver 
Thus,  measurements  made  in  an  unobstructed  jet  are  assumed  to 
apply  when  a  receiver  is  introduced  in  the  stream.  Should  this 
assumption  introduce  excessive  errors,  when  comparison  is  made 
with  experimental  data,  the  basic  approach  presented  here  can 
still  be  applied.  However,  the  actual  velocity  field  in  front 
of  the  receiver  would  have  to  be  used  in  the  subsequent  calcu¬ 
lations  . 


Employing  a  hot  wire  anemometer,  measurements  were  made 


of  the  mean  velocity, 
turbulent  component, 


U,  and  the  root  mean  square  value  of 


u  ,  in  the  x-direction  (see  Fig.  2 


the 

for 
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nomenclature).  These  measurements  were  made  in  the  lateral 
direction  (y)  at  various  axial  stations  (x).  The  width  of  the 
nozzle,  w,  was  1/2  inch,  and  the  axial  stations  chosen  were 
x  =  1  .  s  ,  3,4,6  iiiid  8  . 

The  values  of  U  were  nond imen s iona  1  i zed  by  dividing  by 
the  nozzle  exit  velocity  l' ^ .  The  results  are  plotted  in  Fig.  3 

— j 

The  values  of  u  were  also  divided  by  L'  and  are  plotted 
together  with  U/Uo  in  Figs  4,  5.  and  6  for  x  =  2",  4"  and  8", 
respectively.  It  should  be  rioted  that  the  maximum  value  of 


u^/Uy  always  occurs  near  the  inflection  point  of  the  correspond 

ing  curve  tor  U/U  .  Thus,  ~\j  u"^/U  is  maximum  where  -*■ —  is 

&  o  ’Vo  'y  ,  1  1 

maximum.  We  shall  see  later  that  this  is  a  consequence 
(  f  the  fact  that  Yu  and  are  very  nearly  linearly  related. 

The  Similarity  Parameter  T) 

It  is  well  known  that  the  mean  velocity  profiles  of  both 
circular  and  two-dimensional  jets  exhibit  se 1 f - s imi 1 ar i ty .  To 
demonstrate  this  fact  it  has  become  common  practice  to  plot  tt 


against 


y0. 5 


,  where  U  is  the  mean  velocity  at  a  point 


distance  y  from  the  jet  axis,  is  the  maximum  velocity,  found 

on  the  jet  axis,  and  yQ  ^  is  the  distance  from  the  jet  axis  at 

which  the  velocity  is  0 . 5U  .  There  is  no  doubt  that  such  a 

J  m 

method  of  collapsing  various  velocity  profiles  is  extremelv  use¬ 
ful,  particularly  for  axial  locations  far  downstream  from  the 
iet.  It  is  not  applicable,  however,  for  the  first  few  diameters 
of  the  flow  where  the  potential  core  is  still  present.  Also, 
it  should  be  pointed  out  that  basically  three  pieces  of  infor¬ 
mation  are  required  for  the  use  of  such  a  plot  in  a  practical 
application.  These  are’ 


a)  the  graph  of  p  vs. 


y0.3 


b)  the  locus  of  y^  ^  as  a  function  of  axial  location 

c)  the  variation  of  U  with  axial  location. 

m 
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The  work  of  Ref.  (4)  has  indicated  that  for  a  circular  jet, 

velocity  profiles  of  toe  first  10  diameters  of  the  flow  will 

collapse  when  —  is  plotted  against  the  parameter  T]  where  U 

L  o 

is  the  jet  exit  velocity.  For  the  circular  jet,  Tj^  is  defined 

r,  . 

c  X 

Vv’here  y  is  the  radial  distance  from  the  jet  axis 
x  is  the  axial  distance  from  the  jet  lip 
D  is  the  jet  diameter. 

This  method  of  plotting  has  the  advantage  that,  not  only  does  it 

cover  the  potential  core  region,  but  in  addition,  all  the  required 

information  is  contained  in  one  graph. 

In  fluid  amplifier  work,  we  shall  be  concerned  primarily 

with  only  the  first  five  to  fifteen  slit  widths  of  the  power 

Jet  flow.  It  therefore  seemed  of  prime  interest  to  examine 

whether  a  similar  parameter  will  collapse  the  profiles  of  Fig  3 

For  this  purpose  we  have  defined  Tj  as  presented  earlier  in 

Eq .  (6).  The  resulting  plot  of  U/Uq  against  Tj  is  shown  in 

vig.  7.  The  degree  of  collapse  obtained  is,  in  general,  within 

the  accuracy  of  the  measurements  in  the  range  of  five  to  fifteen 

slit  widths  downstream.  Succeeding  discussions  will  be  based 

on  the  results  for  this  range,  which  is  represented  by  the  mean 

line  drawn  in  Fig.  7.  , - 

In  addition  to  U/Uo,  the  values  ofyu  /UQ  were  also 

plotted  against  Tj.  The  results  are  shown  in  Fig.  8.  Once  again, 

a  good  collapse  is  obtained  for  the  range  of  five  to  fifteen  slit 

widths  as  represented  by  the  curve  in  Fig.  8. 

The  values  of  U/U  andh/u^/U  as  a  function  of  Tj  taken 

o  y  o 

from  the  curves  in  Fig.  7  and  8  are  presented  in  columns  (3) 
and  (3)  of  Table  I.  The  significance  of  the  remaining  columns 
of  this  table  will  become  apparent  later  in  this  paper. 
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I V  .  RELATION  BETWEEN  MEAN  SHEAR  AND  Tl’ RBI' LENT  INTENSITY 

In  the  ease  of  a  circular  jet,  the  work  of  Ref.  (4) 
indicates  that  a  relation  of  the  form 


exists.  Alternatively,  this  can  be  written  as 


V 


(20) 


Table  II  presents  the  results  of  an  attempt  to  establish 
a  similar  relationship  for  the  two-dimensional  jet  employed  in 
this  work.  The  values  in  column  (2)  represent  the  gradient  of 
the  velocity  profile  in  Fig.  7  as  a  function  of  ",  These  values 


f~~2 

when  d.  /ided  intoy  u  /Uq  yield  the  values  of  K  in  Fq .  (20).  Over 

a  wide  range  of  '  values,  a  value  of  K  of  the  order  of  .031  is 

indicated.  This  compares  favorably  with  the  equivalent  value 

of  the  order  of  .026  found  for  a  circular  jet.  The  increase  in 

K  for  !'  |  0 .  1  indicates  a  breakdown  of  the  relationship  as 

expected.  For  example,  on  the  jet  axis  (y  =  0),  is  zero, 

/  i  y 

but  a  finite  value  for^  u  is  observed. 

V 


V.  EMPIRICAL  EXPRESSIONS 

To  facilitate  the  evaluation  of  Eqs.  (16)  and  (17)  we 
developed  empirical  expressions  to  represent  the  velocity  field 
data.  The  expression  for  U / U q  was  assumed  to  have  the  form 


11  7 

o  -  (A’  +  IT  +  C) 

U  ° 

o 


(21) 


Choosing  the  values  of  A,  B  and  C  to  fit  the  curve  in  Fig.  7,  we 
obtained: 


A  =  32  .  6,  B  =  6. 64,  C  -  0  357 


(22) 
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The  values  obtained  from  Eq s .  (21)  and  (22)  appear  in  column  (2) 

of  Table  1,  and  compare  favorably  with  the  measured  values  in 
column  (3)  over  the  entire  range  of  . 

Next  we  employed  Eq  (20)  together  with  Eq  .  (21)  to 
obtain  an  empirical  expression  for  yu^/Uo.  The  values  cal¬ 
culated  from  this  expression  appear  in  column  (4)  of  Table  I 
and  compare  favorably  with  the  measured  values  in  column  (3) 
for  the  range  T  __L-.073,  i.e  ,  almost  the  full  0  range 

Although  we  have  not  made  any  correlation  measurements, 
the  experimental  work  of  Laurence  is  very  closely  approximated 
by  the  following  relation 

R  ( :, ,  ^  )  =  e'H  '  T|'  (H  ?  HI  (23) 

Hence,  we  have  empirical  expressions  for  all  of  the  terms  in 
the  integrands  of  Eq s .  (16)  and  (17). 

VI.  ANALYTICAL  EVALUATIONS  OF  SOME  OF  THE  BASIC  EQUATIONS 
If  Eq  .  (21)  for  U/Uo  is  placed  in  Eq .  (16)  and  some 

simple  transformations  of  variables  are  made,  it  can  be  shown 
that 

P 

¥ 

where  C  is  the  value  given  in  Eq .  (22)  and  a  and  5  are  obtained 

from  Eq .  (22)  through  the  relations 

a  =  '\r2A  b  =  B/  V"2A  (23) 

Equation  (24)  can  now  be  evaluated  by  the  use  of  standard  tables 
since  the  integrals  appearing  in  that  expression  are  simply  the 
error  function  (erf). 
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Now  we  introduce  the  symbol  Ti^  for  the  "T  width", 

that  is 


\  -  ^2  -  \  (2b) 

Solving  Eq .  (26)  for  T,  and  substituting  into  Eq .  (24)  we 

^  12 

obtain  an  expression  for  P^/ypro  in  terms  of  T2  and 
Differentiating  Lius  expression  partially  with  respect  to 
gives  the  rate  of  change  of  the  signal  as  the  receiver  position 
changes,  while  the  receiver  width  is  maintained  constant.  This 
is  the  differential  required  in  the  denominator  of  Eq .  (19). 

The  result  of  this  differentiation  is 
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(27) 


Note  that  we  have  dropped  the  subscript  2  from  d/cT  ^ 
because  the  same  result  can  be  obtained  by  expressing  Eq  .  (24) 

in  terms  of  T]  and  or  any  other  T),  such  as  the  mid-point 
value,  and  differentiating  appropriately. 

The  only  other  expression  that  must  be  evaluated  in  order 
to  calculate  If(p)  ( Eq .  (18)  )  and  Cf  (Eq.  (19))  is  the  expression 

for  V  Pf  >  as  represented  by  Eq .  (17).  Unfortunately,  we  have 
been  unable  to  evaluate  Eq .  (17)  in  terms  of  tabulated  functions. 
Consequently,  a  simple  computer  program  was  written  to  evaluate 
this  expression  numerically.  Furthermore,  an  upper  bound  on 

Pj-  is  obtained  by  considering  the  completely  correlated  case, 
i.e.,  R(c,,F|)  =  1.  In  that  case,  Eq  .  (17)  integrates  to  yield 

the  simple  result: 
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VII. 


POINT  RECEIVERS  AND  FINITE  RECEIVERS 


A  most  appropriate  consideration  of  the  expressions  given 
above  is  to  examine  the  limiting  situation  as  the  receiver 
width,  approaches  zero.  This  will  lead  to  expressions  for 

"point"  receivers,  i.e.,  receivers  of  infinitesimal  width 
Such  a  receiver  could  be  approached  practically  by  an  extremely 
small  pitot  tube. 

Starting  with  Eq .  (24),  the  result  of  such  a  limiting 
process  is  the  indeterminate  quantity,  0/0.  However,  by 
application  of  L'Hospital's  rule  for  handling  such  indeterminate 
forms,  it  can  easily  be  shown  that  :e  limit  is 
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This  is  exactly  what  one  would  expect,  since  it  can  be  directly 
obtained  from  the  first  of  Eqs.  (11). 

A  similar  limiting  process  when  applied  to  Eqs.  (17)  and 
(27)  leads  to  the  following  results: 
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Once  again  these  results  can  be  more  easily  obtained  from  the 
second  of  Eqs.  (11)  and  the  first  of  Eqs.  (11),  respectively. 

From  Eqs.  (30)  and  (29)  it  follows  that,  for  a  point 
receiver,  I^(p)  (Eq.  18))  becomes 


Mp)  -  2 
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=  21 


(32) 


where  I  is  the  local  turbulent  intensity  (see  Eq  .  (3)).  Dividing 
the  values  in  column  (4)  of  Table  I  by  the  corresponding 
values  in  column  (2)  yields  I.  Then  Eq .  (32)  can  be  plotted 
as  shown  in  Fig.  9. 


From  Eqs.  (30)  and  (31)  it  lollows  that,  for  a  point 
receiver,  C  ^  (Eq.  (19))  becomes 


7^ 


which  in  view  of  Eq  (30)  can  be  written  as 

-CfA’  =  K  (K  ?  .031  )  (  33 ) 

This  latter  relation  is  plotted  as  a  horizontal  line  in  Fig.  10 
Finally,  the  graphical  results  are  completed  by  using 
the  expressions  for  finite  receivers  to  plot  the  results  when 
=  .05  and  =  .10.  These  results  also  appear  on  Figs.  9 
and  10.  We  explained  earlier  that  a  limited  amount  of  numerical 
results  are  presently  available.  Hence,  the  results  represented 
by  Figs.  9  and  10  are  somewhat  tentative.  However,  they  do 
appear  consistent,  in  that  the  point  receiver  results  are 
approached  as  becomes  smaller. 

Actually,  we  do  not  have  enough  results  to  absolutely 
guarantee  that  the  lines  for  finite  T]^  are  perfectly  straight 
as  depicted  in  Fig.  9.  Furthermore,  the  lines  for  finite 
in  Fig.  10  are  not  perfectly  horizontal  as  is  the  one  for  the 
point  receiver.  More  complete  results  might  even  show  that 
these  lines  are  not  straight  but  might  be  somewhat  curved. 

More  is  said  concerning  these  points  in  the  following  section 

VIII.  DISCUSSION  OF  RESULTS 

Even  though  a  limited  number  of  results  are  presently 
available,  we  feel  that  their  apparent  consistency  lends 
weight  to  accepting  them  as  indicators  of  the  i.  fluence  of 
noise  on  proportional  amplifiers  when  the  receivers  are  located 
entirely  above  the  jet  axis. 


Assuming  that  the  results  are  accurate,  let  us  consider 
their  physical  significance.  First,  however,  let  us  write  the 
defining  equation  for  ',  Eq .  (6),  in  the  form 

y  -  ^.x  +  w/  2  . 

Referring  to  Fig.  11  we  see  that  this  expression  represents 
a  family  of  straight  lines  emanating  from  the  upper  lip  of  the 
nozzle  (x  “  0,  y  ■  w/2)  with  slope  equal  to  ^ .  Thus,  the 
line  F|  ■  0  is  parallel  to  the  x  axis  The  outer  edge  of  the 
jet  (line  bd)  is  approximately  "  =  .20,  while  the  edge  of  the 
potential  core  (line  be)  is  r  =  -  10.  The  line  from  point 

b  through  any  point  on  or  above  the  x  axis,  and  between  the 
edges  of  the  jet  and  the  potential  core,  corresponds  t.o  a  value 
of  0  in  the  range  -  .  10  S  ^  ,5a.  .20. 

Now  consider  a  receiver  located  at  a  value  of  x  <  5w 
(Fig.  11)  and  between  the  edges  of  the  jet  and  the  potential 
core.  As  the  lower  edge  of  this  receiver  approaches  the  potential 
core  (T|  =  -.10),  Fig.  9  indicates  that  the  no  i  se  -  to-s  igna  1 
ratio  If(p)  approaches  zero  regardless  of  its  width  This 
appeals  logical  because  once  the  receiver  is  completely  embedded 
in  the  potential  core  1  ^- ( p )  should  essentially  be  zero. 

Next  consider  a  receiver  located  at  x  =  lOw.  In  this 
case  the  T)  line  passing  through  x  =  lOw,  y  =  0  is  T|  =  -  .05. 

Thus,  as  the  receiver  approaches  the  x-axis,  I^-(p)  becomes 
smaller;  however,  it  will  never  become  zero  because  the  lower 
limit  on  Tj  at  this  x  location  is  -.05. 

As  a  matter  of  fact,  the  results  obtained  from  a  few 
receivers  spanning  the  x-axis  indicate  that  the  curves  for  I^-(p) 
depart  from  their  straight  line  form  when  the  spanning  begins. 

To  be  more  specific,  the  curves  tend  to  flatten  out,  i.e., 
become  horizontal  to  the  r  axis.  The  complete  results  will  be 
discussed  in  a  future  paper. 
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We  see  then,  that  Fig.  9  indicates  that,  independent  of 

the  receiver  width,  the  nois '-to  signal  ratio  is  smallest  when 

the  receiver  is  near  the  edge  of  the  potential  core  or  near  the 

x-axis,  depending  upon  its  x  location.  Furthermore,  for  any 

given  x  and  y  position  of  the  receiver  midpoint,  i.e.,  for  any 

given  value  of  (midpoint;  the  curves  in  Fig.  9  indicate  that 

the  no  i  se  -  to  -  s  igna  1  ratio,  becomes  smaller  as  the  width 

of  the  receiver  (T  )  is  made  larger. 

Next,  let  us  consider  the  results  depicted  in  Fig.  10. 

Note  first  that  C^-  is  alwavs  negative  since  is  negative. 

This  occurs  because  as  T  increases  the  receiver  moves  to  a 

1  2 

region  where  the  dynamic  pressure,  -jpU  ,  and  hence  Pp  becomes 
smaller.  Our  interest  then,  centers  on  |C^  . 

We  recall  that  is  essentially  the  noise  to  change- 
in-signal  ratio,  due  to  a  small  deflection,  AT],  of  the  main  j.t. 
Consequently  we  would  hope  to  find  positions  within  the  jet 
where  the  receiver  can  be  placed  so  as  to  minimize  C^.  for 
a  given  value  of  AT],  just  as  we  have  seen  how  to  minimize  I  ^ ( p )  . 
It  is  clear  from  the  nearly  horizontal  character  of  these  curves, 
however,  that  independent  of  the  receiver  position,  one  obtains 
essential ly 


constant 

AT] 


(34) 


where  the  "constant"  depends  upon  the  receiver  width,  T]^. 

This  would  tend  to  indicate  that  there  is  no  position  that 
minimizes  for  a  given  deflection  AT.  However,  the  results 
obtained  for  a  few  receivers  spanning  the  x-axis  indicate  that 
the  curves  for  -C^-AT]  begin  to  rise  rapidly  once  the  receiver 
begins  to  spar,  the  center  line.  As  a  matter  of  fact,  since 
d P £ / <3 T]  can  be  shown  to  be  zero  when  the  midpoint  of  the  rece!  ver 
is  on  the  x-axis,  it  is  apparent  that  -C£AT]  goes  to  infinity 
under  these  conditions.  In  a  sense,  then,  jC £  is  minimized  by 
keeping  the  receiver  from  spanning  the  center  line  of  the  jet. 


Returning  now  to  Fig,  10,  and  restricting  the  discussion 
to  receivers  which  lie  wholly  above  the  x-axis,  we  see  that  the 
"constant"  in  Eq .  (34)  becomes  smaller  as  the  receiver  width 
increases.  Thus,  for  a  given  value  of  AT  ,  we  see  that  |Cj-| 
becomes  smaller  as  the  receiver  width  increases. 

Consider  a  simple  numerical  example  of  the  significance 
of  Cp  When  =  .10,  the  constant  in  Eq  (34)  is  approximately 
.02o.  It  can  easily  be  shown  that  AT1  is  approximately  equal  to 
the  deflected  angle  A0  of  the  jet  center  line,  thus,  if  jC^- 
is  to  be,  say,  0.30,  a  deflection  of  the  amount 


A0  =  A‘n 


cons  tant 


.046  radians  A  2.5° 


is  required. 

Based  upon  the  above  discussion,  the  primary  results  of 
this  work  are  that,  for  receivers  above  the  x-axis,  both  l^(p) 
ai.d  |Cj.j  become  smaller  as  the  receiver  width  increases. 
Furthermore,  results  based  upon  a  few  receivers  spanning  the 
x-axis  indicate  that  I^(p)  does,  indeed,  become  a  minimum  when 
the  receiver  midpoint  lies  on  the  x-axis,  whereas  -C^-AT)  approaches 
infinity  under  these  conditions.  Hence,  I^(p)  is  minimized  by 
having  the  receiver  on  the  x-axis,  whereas  |c^|  is  minimized  by 
having  the  receiver  stay  entirely  above  the  x-axis. 
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MEAN  VELOCITY  PLOTTED  AGAINST  SIMILARITY  PARAMETER 


NOISE  TO  SIGNAL  RATIO  VS.  POSITION  OF  MID-POINT  OF  RECEIVER 
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Bffect  of  Receiver  Design 
on  Amplifier-  Performance  and  .Jet  Profile 
of  a  Proportional  Fluid  Amplifier 


By 
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ABSTRACT 


Fxper imental  data  taken  using  a  proportional  amplifier  with  a  one-half 
inch  power  nozzle  is  presented  to  show  the  effects  of  receiver  geometry 
on  the  upstream  velocity  and  total  pressure'  profiles  and  amplifier  per¬ 
formance.  The  work  has  two  major  sections.  The  first  part  covers 
the  extreme  case  where  the  outlets  are  completely  blocked  and  all  of 
the  flow  exits  through  the  vents.  The  second  part  consists  of  a  survey 
of  the  pressure  distribution  and  velocities  within  the  amplifier  having 
no  vents,  i.e.,  all  of  the  flow  exiting  through  the  receiver.  These  data 
were  taken  using  four  different  receivers  and  belimouth  configurations. 


Introduction 

One  of  the  major  concerns  of  the  fluid  amplifier  designer  has  been 
whether  the  receiver  geometry  will  seriously  alter  the  flow  in  the 
interaction  region  and  change  the-  gain  and  pressure  recovery  that  can 
be  expected.  Moynihan,  Reference  2,  has  shown  that  the  optimum  re¬ 
ceiver  width  can  be  calculated  to  maximize  the'  gain.  However,  this 
assumes  that  the  receiver  does  not  disturb  the  upstream  flovtf.  Although 
we  regularly  made'  this  assumption,  its  validity  was  always  questionable 
so  that  it  seemed  appropriate  that  tests  be  made  to  determine  just  how 
important  these  effects  would  be.  This  paper  reports  the  results  of 
experiments  which  were  conduced  to  accurately  determine  the  effect 
of  the  receiver  design  on  the  amplifier  performance  and  the  jet  profile 
of  a  proportional  fluid  amplifier. 
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Description  of  Apparatus 

The  experiments  were  performed  on  a  large  jet-interaction  apparatus 
(Figure  Dnvhich  has  a  central  power  jet  and  two  perpendicular  control 
jets  with  velocities  in  the  power  nozzle  varying  from  40  to  (,0  feet  per 
second.  Total  pressure  of  the  power  nozzle  was  limited  to  approxi¬ 
mately  one  to  two  inches  of  water  gage,  with  a  power  nozzle  width 
equal  to  1/2  inch.  Reynolds  number-,  based  on  power  nozzle  width, 
ranged  from  12,000  to  about  25,000.  1'he  aspect  ratio,  which  is  the 
power  jet  height  divided  by  the  power  jet  width,  was  held  constant  at 
six.  The  control  port  width  was  four  times  the  power  nozzle  wodth. 

The  first  series  of  experiments  were  pm-formed  with  a  barrier  placed 
across  the  width  of  the  amplifier  normal  to  the  power  jet  centerline. 

It  was  placed  at  a  distance  equal  to  8  power  nozzle  widths  downstream 
of  the*  exit  of  the  power  nozzle  as  shown  m  Figure  2.  For  the  second 
series  of  experiments,  the  barrier  was  replaced  bv  receivers  which 
were  machined  from  aluminum  blocks.  Figures  7  to  15  show  the  con¬ 
figuration  used.  A  total  pressure  probe,  attached  to  the  movable 
upper  plate,  was  used  to  survey  the  total  pressure  at  various  loca¬ 
tions  in  the  amplifier.  Corresponding  static  pressure  measurements 
were  made  (simultaneously)  using  a  static  tap  in  the  upper  plate. 


Discussion 

To  establish  basic  data  for  comparison,  the  apparatus  was  set  up  with¬ 
out  any  receiver  geometry  installed.  The  projected  offset  was  fixed  at 
1/4  the  control  port  width  and  Wc/Wp  =  4.0.  Total  and  static  pressure 
surveys  were  taken  at  x/Wn  =4.5  and  8.5.  Figure  3  shows  the  veloc¬ 
ity  profile  at  these  two  stations.  At  x/Wp  =  4.5  it  is  still  possible  to 
detect  the  outlines  of  the  control  jets  on  either  side  of  the  power  jet 
velocity.  However,  at  x/Wp  =  8.  5  the  jets  have  combined  to  form  a 
typical  free  jet  with  the  ci  ,»trol  jets  forming  an  integral  part  of  the 
smooth  velocity  profile.  Comparison  of  the  two  curves  is  allowed  by 
making  the  total  pressure  dimensionless,  dividing  it  by  the  power-jet 
total  pressure'  and  multiplying  it  by  a  factor  to  make  the  centerline 
value  equal  to  the  theoretical  centerline  value1  of  a  free  jet.  Figure  4 
shows  this  dimensionless  profile  (circles)  superimposed  on  the  theo¬ 
retical  free-jet  total -pressure  profile  as  derived  by  Albertson  (Refer¬ 
ence  1).  This  comparison  shows  that  the  theoretical  fret*  jet  is  an 
excellent  approximation  of  the  measured  values. 

The  control  jets  are  still  discernible  but  the  survey  was  taken  just 
downstream  of  the1  control  port  exits,  at  x/Wp  =  4.5,  so  this  is  ex¬ 
pected.  Further  downstream,  the  similarity  to  the  free  jet  is  even 
greater. 


♦Figures  start  on  page  170. 


On*  t  xtr^mc  condition  occurs  when  the  receivers  an  nimple'flv  bl*»iked 
and  all  of  the  flow  must  go  out  through  tht  vents.  This  wa-^  -.lrnulat*  i  hy 
installing  a  wall  or  a  barrier  across  t h «  w  idth  of  t h •  amplifi*  r  at  x  p 
H.O.  This  is  shown  in  f  igure  2.  Onn  again,  the  static  and  total  pr*s- 
sures  were  measured  at  x/\x'p  4.0  and  the  static  pres^un  was  mea¬ 
sured  along  the  barrier.  The  squares  m  figure  4  indu  a'e  'he  dur.en 
sionless  total  pressure  profile  at  x/\\  p  4.0.  The  eurv  1  w  -  that 
the  barrier  had  n<  gligible  effe<  t  on  the  total  pro  isun  pr  fib  a’  Bus 
station. 

f  igure  Pi  shows  the  effect  of  the  barrier  on  the  velocity  profih  a*  x/Wp 
4.  0.  1  he  pressure  difference  at  the  cent*  rime  wit)  t)  ••  barrier  is  due 

to  the  data  being  taken  further-  upstream  at  t)  e  exits  of  t)  *  control 
ports.  This  gave  a  slightlv  gr*'ater  centerlin*  velo*  ltv.  and  the  control 
flow  effects  are  more  apparent.  Despite  t  he*' e  differ  ones ,  the  veloc¬ 
ity  distributions  are  quite  similar  and  the  barrier's  effect  .s  minip 

figure  fi  shows  tie  static  pressur  *■  distribution  measur  ed  along  the 
barrier.  The  static  pressure  distribution  expected  along  the  barrier 
can  be  calculated  using  potential  theory  (Reference  4).  The  velocity 
at  any  point  in  the  flow  against  a  barrier  is  given  bv 

2  2  2  '> 

V  =  A  “  (x  v  v  ) 

Substituting  this  expression  into  Bernoulli's  equation 
P°  -  P  =  1/2  cV2 

gives 

o  2,22 

P  -  P  =  1/2  ;A  (x  t  y  ) 

Since  we  are  only  interested  in  the  pressure  distribution  along  the  wall, 
x  0.  Also,  since  the  flow  is  symmetrical  about  the  x-axis  and  the  y 
term  is  squared,  only  positive  values  of  v  are  used.  Thus,  solving  for 
the  static  pressure  gives 

P  P°  -  1/2  rAJy2 

where  A  is  a  real  constant  which  depends  on  the  free-stream  conditions 
and  v  is  the  distance  from  the  center  of  symmetry.  At  th*  stagnation 
point  the  velocity  is  zero  so  the  static  pressure  equals  tin-  total  pres¬ 
sure.  For  this  particular  geometry,  A  7  7  2  cycles  per  second.  This 

includes  a  factor  to  make  the  static  pressure  at  the  centerline  equal  to 
the  measured  static  oressure.  The  parabola  in  Figure  r>  shows  this 
prediction  is  accurate  at  the  stagnat  on  point  and  it  high  velocities. 

Bit,  since  it  f.iils  to  iceount  f  >r  v.sc  >-*  .t\  i  b  basic  e,  !  Hiiutev  l,i)ei 
effects,  it  is  not  v  1 1  i  d  f  a  rt  h  • 1  r  away  t  i  >  n  the  centerline  >1  the  jet. 
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I  :  >  ^  ^  1 1  n  ^  (R.  f<T>-m  <  l)  [  >  r  <  -  *  •  n  ’  -  '1  •  .■•lx  i'v  a  s  a  fun  Men  of  tl  <  fpo 

I'l'am  v  I'm  i '  v  for  ax  l  al  1  v  v  m  in  •  ’  i  l  a  1  f  i  a  a  i  '  1  a  •  a  L'na’ .  n  [nan'. 

I  •  i  n[^  R<  rn ou  1  h  1  m  oqu a '  l  •  'n,  a  >■  '  an  al  •  a  1  a ‘  •  ’  (  •  - 1  a ’  i  •  ■  pr  <  i r  >  ii-.’ri- 

bu  ’  l  >n  alun^  t  In  ■  barn  ••  r  .  (  b  ju  r  e  7  si  a  -  'bn  •  xp  r  e  s  s  j  f  ,n  '  o  to  a  m  u<  1 

In  t  j) r •  i l <  ’ion  'ha-  'ha'  jiv>  n  bv  p  ••  ti'ial  '!  uirv. 

>im  i'  tt  r  tiarra  r  1  a->  mii’imal  •  ff.o  ’  in  '1  *  . [> -  t  r ••■am  flow  and  '1  •  flow 

i  or  t  •  m porr  1  -  •  loo  1  \  '  o  f  r •■.-)•- 1  flow  m  'he  plan* ■  of  ’!•  bi  >  a  m ’  n  a  m 
•  ijc  of  '1  i  i  onfrol  port'  first  *xp!  ri  merits  a  i '  1  r*'»  'ivi-ia  pos  1 1  ion  >•<! 

'  1  •  [ihi’rr  a!  '1  o  plan'1.  H  •  -  l  !  •  -  oi  1 1  <  >u  M  •  j  -  a  r  >■  •  x  '  <  nd  «<1  (i  ow  n  - 

tp'Sin  from  'In  plan*'  parallel  'o  *1  e  Jd-dejr  •  •  ^  p  1 1 "  *  r.  Movnil  an' 
no  'h  ui  (Ri  f'  nil  J)  for-  •  stima’inj  amplifo  r  earn  pied.'  •  -  a  pr*  -ssine 
jam  of  ahull'  -i  v  n  fi  r  ’Im  setup.  ITjur1  7  and  M  -1  ow  ,v  •  vrlm  i'v 
ui  1  '  i'  al  [in-  i  r  •  pr "f  1 1  •  s  at  varimn  pi  a<  <  ■  -  ,n  tie  a  mpl  l  f  i «  r  .  U  l  tl 
I  i  onf  i  jur  tit  i  on ,  1 1  •  •  pi  •  -  -  ur  •  ■  j  a  i  n  a  ,i  -  17.1  a  it  1  a  fl  o  a  jam  <  >  f  I  Ihli. 

'  I  o  a  •  •  v*  ■  r  '  t  '  f  1  ( i  a  '  1  r<  iu  jl  '  1  >  ro  ij  vr  of  U  a  amplifier  ni'v  r  liromio 

'  i 1 1 V  i I'  vi  1  upo  1  ho  am*  tl  •■  larj*  flow  jradi*  lit  lictwn  n  tl  »•  splitter 
i  rn'crlaii  and  the  outer  cdje  of  the  roc  river  is  acre ntuat ed  bv  the  dif- 
f-iM.  t  ,  l'his  1  rad-'  to  -o  j  n  i  f  i  ran '  losses  m  prrs-urr  recoverv  bo'aus" 
f  the  iarjc  velocity  jradien's.  ^otm-  for  m  of  receiver  h*dlmouth 
s*  mu  1  to  [>•  the  lojical  an-  Aer  to  make  the  velocity  ii  'nbution  mon 
uniform . 

I  he  first  c  li  an  jc  cons  i  s t  ed  of  r  edu<  m  j  the  offset  f n>  m  1  /  -1  to  d  /  1  (>  of 
the  control  port  width.  This  also  rolui  ol  'he  receiver  width  from  T  /  H 
to  1 !  L  inch.  hTjures  [)  and  10  show  the  velocity  and  total  pressun 
profiles  at  various  places  m  the  amplifier.  I  h<  pressure  jam  re¬ 
mained  constant  at  about  17  but  tie  flow  jam  was  reduced  to  about 
The  velocity  profile  and  total  pr  <  ssure  profile  have  about  tl  e 
Slime  shape  as  before. 

l-’or  the  m  xt  series  of  tests  the  i  i  i  eiver  w  as  modified  with  curved  m- 
1  *  t  s  f  ol  1 1  >w  ed  b\  a  hort  '  on  v*  r  jin  j  [>•  ■  r '  ion  .  this  >  aned  tie  fl  ow  a .  on  j 
'1  e  outer  a  all  to  be  an  'derated  and  s*ill  allow'd  -lower  flow  around  tin 
corner  of  t  he  c  ont  r  ol  pi  r  t  s  i  nt  o  1 1  <  r  n  river.  I '  l  ju  r  <■  s  11  and  1  2  s  how 
the  velocity  and  total  pressun  p r  > f 1 1  •  •  for  tin  -  <  on  iition.  I'l  e  flow  im¬ 
prove  m  ent  s,  w  lu  ch  were  e  x  pe  I'  l  e  n  e  *  d  d  in  to  tin  i  olive  r  Jill  J  MS'tlOllS  Were 
omntera  ted  bv  the  diverjinj  vitiuis  so  that  tl»  net  jam  was  riejlunble, 
except  for  the  reduction  in  velocity  around  tin-  corner  from  the  control 
p'  rts  into  the  receiver.  Also,  althoujl  t h •  flow  jam  advanced  from  Idi 
to  about  Vm, tie  pressure  jam  dropped  to  1  l.d. 


I'bere  is  a  limit  to  how  far  the  offset  i  an  be  reduced  espn  lallv  with 
larje  control  ports.  If,  for  instance,  the  offset  were  reduced  to  l/H  th< 
i  ontrol  width,  the  downstream  edje  of  tl  •  cunt  ml  port  will  p<  el  off  part 
of  the  power  flow  on  one  side  so  that  flow  w  ill  leave  throujh  that  control 
port  rather  than  enter  throujh  both,  as  m  more  tiistomurv.  This  could 
lead  to  difficulties  m  stajinj  amplifiers  and  i  not  lesirable  for  most 
appl  ii  at  ions .  It  could  alsocau  •  other  iifficulties  such  as  attachment,  etc. 
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I'hc  last  step  was  to  round  off  the  rot  river  por’s  even  mor*  and  r* 
iuc  i  the  outleg  width  to  0.  Jd  int  h  •  Thi-.  gave  an  lnd*-*.  rinuiat' 

pr  oj  or  t  oil- off  s  t-t .  Also,  no  diffuser  s  ec*  ion  w  a  -  used.  s,  viral  addi 
tional  pp'ssuro  m  *asu  r  «*m  *-n  t  were  mad*  a*  various  place-,  in  H.< 
outlets.  Fip  ires  Id  and  1  A  si  *w  Mat  as  far  upstream  as  *  I  \\  H.o 
M  -  flow  is  a.readv  fullv  d<  veloped  -o  tl  a'  th<  bellmoutl  i-  verk 
•  ffi  ion'  1  rp-foro,  in  tl  is  configuration.  M  -•  diffu-or  vdd  probably 
start  this  far  upstream.  However-,  ti  e  diffuser  should  tar’  on  boil 
nicies  rather  than  just  on  the  ou'sic.e  as  t.as  been  done  m  tl*  pa-t. 

Then,  if  ncccssarv,  the  whole  channel  could  i  urv  outward  from  the 
centerline.  I'he  flow  and  pressure  gams  could  not  be  m*  asir*  1  be- 
<  ause  tin*  control  veh  (  lties  were  too  small  '•>  be  rneasui'*  d  witl  our 
existing  m  M  r  urnent  at  i  on  . 

I’wo  small  amplifiers  witl  (lenmetrv  similar  to  Figures  7  and  Id  were 
constructed,  Hot!  1  av*-  aspect  ratio.-,  of  2.0  with  power  noz/l«  width.-, 

* 1 1  ju  i ,  t  t  J .  i )  a  (J  .net,.  lb*  p  r  * )  *  a  t  *  ■  ■  i  >  1 1  -  •  t  s  .  /  4  toe  c  mt  i  o .  p<  >  rt  w  it  b , 
which  is  four  times  as  wide  as  the  power  no/zie.  i  tie  receivers  tor 
t  h<  1  ,  i  t  >n*  (I'lpiP  M  *  i  *  me 1  w  .  i<  ,  r ,,  i  ,  i  *  ■  0 .  b  d  0  ,  r  .c  b  w  i*><  f  *  i 

one  similar  to  Figure  Id.  The  data  has  not  \*  *  been  fullv  analv/ed 
but  the  pressure  gam  for  the  first  model  varies  between  f>  and  Id,  de¬ 
pending  on  the  operating  conditions.  The  pressure  gain  for  the  second 
model  is  slightly  less  but  the  linear  range  appears  to  be  greater. 

( )n<  of  tl  e  problems  encountered  m  testing  these  small  amplifiers  was 
in  measuring  the  static  pressures  in  the  interaction  regions.  Several 
pressure  surveys  taken  in  the  large  amplifier  showed  that  this  pressure 
is  the  same  as  the  total  pressure  in  the  control  ports,  provided  tnere 
are  no  leaks  from  one  channel  to  another  or  to  the  atmosphere.  See 
Figure  Id. 


( ’ *  nclus ion s 

The  interaction  data  indicates  that  downstream  geometre.  except  for 
raising  t h ♦  pressure  level  of  the  amplifier,  doe  not  affect  the  velocity 
and  total  pressure  profiles  upstream.  Thus,  the  receivers  can  be 
positioned  at  Hie  downstream  edge  of  the  control  ports,  eliminating  the 
need  for  a  crossover  channel,  reducing  noise,  increasing  the  linear 
range  and  making  the  amplifier  easier  to  build. 

Giving  the  receiver  a  bellrnouth  shape  is  advantageous  in  that  T  makes 
the  flow  fullv -developed  sooner.  This  helps  to  reduce  losses  and  makes 
it  possible  to  shorten  the  outlegs,  thus,  reducing  the  size.  However, 
these  tests  show  that  gain  is  also  sacrificed  because  the  bellrnouth  shape 
has  a  larg<  projected  offset  and  vet  the  receivers  are  sm.ill.  M  lynihm 
(Reference  2)  show  -  that  there  is  an  optimum  receiver  size  and  projected 
offset  for  maximum  gain.  In  using  the  bellrnouth  shape,  we  can  longer 
keep  these  optimum  iz*  s.  If  the  offset  size  is  optimum,  the  offset  is  too 
larg<  .  T h *  pres.sur*  gain  decreased  from  17  to  11.  1. 
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I  v.  1 1  s  rTi.il  i  a  n i  ;>1 1 !  i t  r  s  tin  v  <  n  <  ■  r ,  i .  . . .  ■  • : .<  ar'  '  u  .  *  n  <  > n  .  ■  •  ‘  r  v  r 

1  *  M  a  '  siiuw  g  u  r  e  >  i  ■ ,  <  l  '  ; ,  •  a  <  i  m  r ,  u  h  ai  .  ..a'  a  >  ’  1 1 .  i  ’  :  >  v,  n  .a 

l  ’ u  : t  i  1.  i  in.  (Ktwi'r  a r 1 1 !  coa*  ro .  ; m i r t s  am  .  o  e  r  '.cal.  I  1 1 < •  it..  , 
iiiiicrencc  is  in  the  receiver  geon.,  • :  v.  iJre.iii.  .>rv  tests  .nu.i  a'i 
thui  the  amplifier  until  beiimowtt  -  snapeu  rmemr  uas  poorer  pressure 
a  in  but  slightly  better  linear  range.  No  noise  data  nas  been  tarten. 
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S  vmbol  s 


rg 

MR  Mass  Ratio  MR  — — L~ 

WP 

P  Static  Pressure 

P°  Total  Pressure 

~  Average  Pressure 

Q  Mass  Flow  (equivalent  volume  flow  at  standard  conditions) 

s  Control  Port  Switch 

V  Velocity 

W  Port  Width 

x  Distance  downstream  from  the  power  nozzle  exit 

v  Distance  from  the  centerline  of  the  power  nozzle 

f)  Deflection  angle  of  the  power  jet 

c  Mass  Density 


Subscripts 

c  Control  Stream 

p  Power  Stream 

1,  2  Denotes  particular  control  or  outlet 
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Figure  1.  Jet  Interaction  Fxperimental  Apparatus 
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'lgurt'  10.  Total  Pr«  :  •  1  > .  tributiot  ii  Viinous  SutiotiH  ui  i  Proportional 
Fluid  Amplifier 
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STL ADY  AN D  TRANSIENT  bLnAVlOR  OF  A  LISTAULt  AMPLIFIER 

aIth  a  latoin:  v  rt<"'* 
t-y 

Turqut  Sarpkaya 
Uni  vers i ty  of  Nebrask a 


Reported  herein  is  an  investigation  of  the  steady  an^  transient 
behavior  of  an  unvented,  cusped,  Listable  amplifier.  Experiments  were 
conducted  with  air  ana  water  as  the  working  fluids.  The  evolution  of 
the  latcninq  vortex  and  the  variation  of  pressure  at  about  lb  critical 
points  in  the  interaction  region  were  studied  for  two  types  of  switch¬ 
ing:  (a)  by  restricting  the  on-side  load  port,  a  d  (b)  by  applying  a 
signal  to  the  on-side  control  port,  tach  type  of  switching  was  inves¬ 
tigated  under  quasi-steady  and  transient  conditions.  The  pressure  per¬ 
turbations  in  the  interaction  region,  evolution  of  pressure  in  the 
attachment  bubble,  formation  of  vortices  at  the  two  sides  of  the  cusp, 
the  differences  between  the  transient  and  quasi-state  switching,  and 
the  propagation  of  shock  waves  are  discussed  with  the  help  of  normal¬ 
ized  curves  and  motion  pictures. 


INTRODUCTION 


The  primary  objectives  of  this  investigation  are  the  understanding 
of  the  mechanism  of  switching  of  a  cusped  bistable  amplifier,  exp  ora¬ 
tion  of  the  pressure  and  flow  fields,  and  the  formulation  of  analytical 
techniques  which  will  allow  the  prediction  of  the  steady  and  transient 
behavior  of  the  amplifier  in  terms  of  its  relevant  parameters.  The  ex¬ 
perimental  data  and  visual  observations  constitute  the  backbone  of  the 
first  part  of  the  investigation,  for  it  is  the  cK arac ter i s t i cs  of  the 
amplifier  that  permit  the  design  of  a  working  model  and  the  understand¬ 
ing  of  the  internal  mechanism  of  the  fluid  motion. 

In  addition,  this  investigation  is  concerneo  with  several  other 
areas  of  interest  which  are  related  to  or  come  as  by-products  of  the 
main  investigation  described  above.  These  include  design  optimi zation , 


*The  financial  support  of  the  Harry  Diamond  Laborator i es ,  U.  S. 
Army  Materiel  Command  is  gratefully  acknowledged. 
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general  1  z a 1 1  or  of  results  to  vented  amplifiers,  scaling  effects,  and 
prediction  and  control  of  pressure  rerturba 1 1 ons  . 


DESCRIPTION  OF  THE  AMPLIFIER 


The  geometrical  cna rac ter i s t i cs  of  t^e  amplifier  chosen  for  the 
investigation  an- shown  in  Fig.  1*.  It  has  evolved  at  the  end  of  exten¬ 
sive  qualitative  and  semi -quant  1 tati ve  studies  with  the  use  of  a  water 
table.  No  vents  were  provided  and  no  special  attempt  was  made  to  pre¬ 
vent  the  spillover  of  flow  from  one  load  port  to  the  other.  It  should, 
however,  be  noted  that  the  data  obtained  with  the  present  model  dis¬ 
closed  characteristics  which  made  possible  the  design  of  a  vented  and 
an  unvented  amplifier  whose  performances  appear  to  be  quite  satisfac¬ 
tory.  It  should  further  he  noted  that  tne  conclusions  presented  here¬ 
in  concerning  the  mechanism  of  fluid  motion  are  dependent  upon  the 
general  form  of  the  amplifier  rather  than  on  its  specific  dimensions. 

i he  location  of  static  pressure  taps  are  also  shown  in  Fig.  1. 

Each  pressure  tap  was  connected  to  a  Sanborn-267B  di  fferentia 1 -pres¬ 
sure  transducer  and  the  pressures  were  recorded  simultaneously  on  a 
mul ti -channel  recorder. 

Pictures  were  taken  with  a  modified  hiqh-speed  motion  picture 
camera  using  the  flow  vi sual l zation  technique  described  elsewhere*. 


PERFORMANCE  TESTS 


Closed  Controls  -  Active  Port  Loading 


The  test  .et-up  used  for  the  experiments  in  the  Closed  control  mode 
is  shown  in  Fig.  2.  Once  the  particular  supply  pressure  was  set,  the 
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*This  amplifier  was  used  only  for  the  tests  with  water.  The  one 
used  with  air  was  geometrically  similar  to  and  one  half  tne  size  of 
the  water  model . 

♦T.  Sarpkaya  and  C.  J.  Garrison,  "Vortex  Formation  and  Resistance 
in  Unsteady  Flow,"  Trans.  ASME ,  Jour.  Appl.  Mechs.,  Vol .  30,  ser.  E, 

No.  1,  March,  1963,  pp :  16-24.  \ 
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test  procedure  was  first  to  adjust  the  load  restrictor  valve  to  the  de¬ 
sired  value.  Then  the  flow  rates  and  tne  pressures  at  the  points  noted 
were  recorded.  Once  the  measurements  were  completed,  the  load  restric¬ 
tor  valve  was  re-set  to  a  new  value.  Oata  points  were  taken  with  the 
load  restrictor  valve  at  settings  ranging  from  wide-open  to  nearly  shut 
It  is  clear  that  as  far  as  the  flow  and  pressure  recovery  characteris¬ 
tics  are  concerned  the  most  unfavorable  condition  corresponds  to  the 
wide-open  setting  of  the  valve  at  the  off-side  load  port,  however,  to 
avoid  any  ambiguity  in  the  1  nterpretation  of  the  results  it  must  be 
noted  that  during  each  test  the  setting  of  the  off-side  1 oad-port  valve 
was  varied  within  wide  limits*,  and  it  was  found  that  the  two  load 
ports  are  quite  effectively  decoupled. 

The  results  are  shown  in  Fig.  3  in  tenns  of  pressure  and  flow  re¬ 
covery  factors.  It  is  evident  that  for  two  different  fluids  and  a  wide 
range  of  velocities  the  load  pressure  recovery  remained  at  about  80 
per  cent  for  flow  recovery  factors  below  50  per  cent  and  gradually  de¬ 
creased  for  higher  output  flows.  Tne  maximum  flow  recovery  varied  from 
90  per  cent  down  to  80  per  cent  as  the  supply  pressure  was  increased 
within  the  limits  used  in  the  tests.  The  power  recovery  factor  is 


*The  state  of  critical  closure  (nearly  shut-off)  at  wmch  the  jet 
will  switch  from  one  side  to  another  must  be  excluded.  As  Iona  as  the 
setting  of  the  valve  is  above  the  cri 1 1 ca 1 -se 1 1 i nq  ,  the  active  and  pas¬ 
sive  ports  are  effectually  decoupled.  Had  vents  been  used  this  restric¬ 
tion  could  have  been  easily  removed. 
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Fig.  3  Normalized  Pressure  and  Flow  Characteristics 


shown  in  Fig.  4  as  a  function  of  p*/pg.  The  peak  efficiency  is  about 
42  per  cent  and  occurs  at  Pq/Ps  3  0.60. 

Other  related  steady-state  characteristics  of  the  amplifier  con¬ 
cern  the  differential  pressures  at  the  control  and  load  ports  and  the 
pressure  distributions  in  the  interaction  and  wall  attachment  reqions. 
Fiqure  5  shows  the  normalized  differential  pressure  between  the  two 
control  ports  as  a  function  of  Q*/Q8  .  The  relationship  between  these 
two  parameters  appears  to  be  almost  linear,  Ap~Vp  varying  from  0.20 
at  the  highest  active  port  flow  rate  to  0.10  r,eQ»-  the  point  of  switching 

Figure  6  shows  the  normalized  differential  pressure  between  the 
two  load  ports  as  a  function  of  the  normalized  differential  control  port 
pressures.  When  the  load  restrictor  valve  is  wi de-open( the  differential 
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load  pressure  is  naturally  quite  small.  As  the  amplifier  is  loaded  the 
differential  pressure  increases  rapidly  to  about  0.60. 

The  characteri sties  of  the  interaction  reqion  cannot  be  fully  eval-  1 

uated  without  considering  the  associated  pressure  field.  It  is  not,  on 
the  other  hand,  practicable  to  present  the  variation  of  pressure  at 
every  point  shown  in  Fig.  1.  For  this  reason  only  two  points  (No.  1  and 
No.  5)  are  selected  for  the  present  discussion.  Figure  7  shows  the  var¬ 
iation  of  the  corresponding  normalized  pressures  as  a  function  of  Q*/Qa. 

The  pressure  in  front  of  the  cusp  (point  No.  5)  increases  with  increas¬ 
ing  load  at  the  active  port  and,  during  the  period  of  switching,  almost 
reaches  the  stagnation  pressure;  i.e.  =  p? .  For  a  similar  amplifier 

but  with  wider  receiving  ports  the  rate  of  rise  of  pressure  at  the  cusp 
with  Qq/Q6  would  be  somewhat  smaller  until  the  time  of  switching  and 
guite  rapid  thereafter.  The  pressure  at  point  No.  1  shows  a  similar 


Fig.  4  Normalized  Power  and  Pressure  Characteristics 
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Fig.  5  Normalized  Differential  Control-Port  Pressure 
Versus  Flow  Recovery  Factor 


variation.  Its  maximum  value,  however,  is  considerably  lower  than  that 
of  point  No.  5  because  of  the  larger  velocities  prevailing  there. 

Figure  8  shows  the  evolution  of  pressure  along  the  wall  in  the  jet 
attachment  region  for  a  quasi-steady  state  loading  of  the  active  port. 
When  the  active  port  is  full-open,  the  jet  attaches  at  abojt  x/w  =  2.6. 
With  increasing  loads  the  point  of  attachment  moves  downstream  and  the 
pressure  in  the  bubble  gradually  i ncreases* .  The  configuration  of  the 
power  jet  and  the  formation  of  vortices  in  the  attachment  region  and 
at  the  two  sides  of  the  cusp  are  clearly  visible  in  the  pictures  shown 
in  Fig.  9.  It  is  observed  that  although  the  vortex  on  the  active-port 
side  of  the  cusp  effectively  blocFs  the  power  jet  and  precipitates 
switching,  the  vortex  on  the  passive-port  side  of  the  cusp  delays 
switching  by  choking  the  flow  into  tiic  passive  side.  It  appears  that 
streamlining  the  edqes  of  the  cusp  will  improve  the  performance  of 
toe  ampl i f ier. 


Mt  will  be  seen  later  that  when  the  power  jet  is  switched  with 
the  control  jet,  the  pressure  in  the  bubble  gradually  decreases  until 
the  time  of  switching. 
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Fig.  7  Vanatior  f  Pressure  at  Points  ’.o.  1  and  \o.  b 


Closed  Controls  -  Control  port  Lou 


The  test  procedure  was  quite  simi'ar  to  that  descrr  ed  for  the  ac¬ 
tive  port  loading.  Once  the  particular  ^ p p 1 y  pressure  was  set,  the 
load  restr’ctor  valve  was  adjusted  to  the  de'  fed  value  and  the  flow 
rates  and  pressures  at  various  points  were  recorded.  Then  the  flow  in¬ 
to  the  control  port,  on  the  active  side,  was  turned  on  and  increased 
at  regular  increments.  The  pressures  at  all  points  of  interest  as  well 
as  the  flow  rate  into  ‘he  ccntrol  port  were  recorded  at  the  end  of  each 
increment.  The  result  mp  iresented  in  Fig.  10  'n  ter^s  of  p*/pf  and 
Qt/Q_  for  various  initial  setting  1  the  load  restrictor  valve,  l  ?. 

C,  b 

for  various  initial  values  of  p*  he  envelope  curve  (dotted  line) 

corresponds  to  the  control  flow  rrt  s  -fessaf  to  switc  the  power 


Fig.  8  Variation  of  Pressure  Along  the  Wall  on  the 
Active  Side  of  the  Amplifier 


jet.  It  is  observed  that  p+/P(j  decreases  only  slightly  as  the  intensity 
of  the  control  jet  is  gradually  increased.  The  variation  of  the  control 
supply  pressure  with  the  control  flow  rate  for  various  nitial  loadings 
of  the  active  load-port  is  shown  in  a  similar  plot  in  Fig.  11. 

The  variation  of  pressure  in  the  attachment  bubble  is  shown  in  Fig. 
12.  This  figure  points  out  several  interesting  features  of  the  switch¬ 
ing  mechanism.  In  the  absence  of  control  flow  the  jet  attaches  at  a- 
bout  x/w  -  2.5 *.  Between  the  point  of  attachment  and  near  the  entrance 
into  the  load  port  the  pressure  remains  fairly  constant  and  then 


*A  theoretica.  analysis,  based  on  the  free  streamline  theory,  for 
the  prediction  of  the  point  of  attachment  in  terms  of  the  relevant  pa¬ 
rameters  of  the  amplifier  will  be  reported  separately. 


increases  rapidly  as  the  power  jet  proceeds  into  the  load  port.  When 
the  control  flow  is  turned  on  and  gradually  i ncressed^ the  attachment 
point  moves  further  downstream  and  the  pressure  in  the  bubble  rapidly 
decreases .  It  should,  however,  be  noted  that  in  the  zone  a  short  dis¬ 
tance  beyond  the  point  of  attachment  the  pressure  increases  slightly 
and  near  the  entrance  into  the  load  port  it  decreases  once  again^as 
one  would  have  expected.  One  may,  therefore,  conclude  on  the  basis 
of  the  above  observations  that  switching  is  not  due  to  a  build  up  of 
pressure  in  the  attachment  bubble.  The  analysis  of  the  pressure  field 
and  visual  observations  (see  Figs.  13  and  14)  show  that  the  control 
flow  plays  a  twofold  role  in  the  switching  mechanism.  When  the  con¬ 
trol  flow  is  turned  on,  its  momentum  deflects  the  power  jet  away  from 
the  attachment  bubble  and  in  the  meantime  its  mass  satisfies  the  en¬ 
trainment  of  the  attachment  zone.  The  pressure  in  the  bubble  de¬ 
creases  as  the  intensity  of  the  vortex  increases  with  increasing  con¬ 
trol  flow  rates.  As  the  jet  is  deflected  away  from  the  active  side 
the  latching  vortex  gradually  flattens  out  between  the  jet  and  the 
passive-side  wall  and  subsequently  breaks  up  into  smaller  vortices  as 
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Fig.  11  Normalized  Control  Pert  Supply  Pressure  and  Control 

Flow  Character  sties 

seen  in  Fig.  4.  This  action  reduces  the  pressure  along  the  wall  (pas¬ 
sive  side)  and  not  only  compensates  tor  the  decrease  of  pressure  in  the 
original  attachment  zone  but  also  provides  o  net  pull  on  toe  power  jet. 
Hence,  switching  is  accomplished  in  part  by  the  momentum  imparted  by 
the  control  jet  and  in  part  by  the  positive  differential  suction  pro¬ 
vided  by  the  latching  vortex.  Needless  to  say  the  latter  could  not 
have  come  into  existence  if  it  were  not  due  to  the  triggering  action 
of  the  momentum  of  the  control  jet. 

The  intensity  of  the  latching  vortex  is  determined  primarily  by 
the  amount  of  that  portion  of  the  power  jet  which  is  diverted  and  de¬ 
flected  by  the  cusp  in  front  of  the  splitter  plate.  Consequently, 
the  smaller  the  width  of  the  load  port  relative  to  the  power  nozzle, 
the  larger  is  the  intensity  of  the  latching  vortex  and  vice  versa. 
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Fig.  12  Variation  of  Pressure  Along  the  Wall 
During  Switching 


However,  it  is  clear  that  increasing  the  vortex  strenqth  by  decreasing 
the  area  of  the  receiving  port  reduces  the  effectiveness  of  the  ampli¬ 
fier  and  causes  excessive  energy  loss.  The  optimum  of  the  ratio  of 
the  width  of  the  receiving  port  to  the  power  nozzle  appears  to  be 
about  1.6. 


Fig.  13  Switching  With  Control  Port  Loading 
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Fig.  14  Switching  With  Control  Port  Loading 


Transient  Switching  of  the  Power  Jet 


Upon  the  completion  of  the  tests  with  quasi-s'oady  slat  switch¬ 
ing,  experiments  were  conducted  to  determine  the  transient  character¬ 
istics  of  th°  amplifier  and  to  explore  the  differences  bc-tw< -n  the 
steady  and  transient  states.  For  this  purpose  the  load  r  >trictcr 
valve  was  set  at  various  values  and  after  a  steady  sta'e  was  ach  vc-d, 
a  control  signal  was  applied  impulsively  at  the  contrc1  port  or  the 
active  side  of  the  amplifier.  A  sample  recording  of  the  variation 
of  pressure  at  various  representative  points  is  shown  in  Mg.  15. 

The  comparison  of  these  recordings  with  those  obtained  with  quc,:i- 
steady  state  switching  shows  that  in  the  amplifier  there  are  two  t/pes 
of  pressure  oscillations.  The  first  which  is  an  oscillation  of  very 
high  frequency  is  due  to  turbulence  created  during  the  penetration 
and  expansion  of  the  power  jet  into  the  interaction  region  and  the 
entrainment  of  flow  in  the  passive  side  of  the  amplifier.  The  second 
type  of  pressure  oscillations  is  due  to  the  compression  and  rare¬ 
faction  waves  created  during  impulsive  switching.  These  waves  are 
most  apparent  in  the  active  and  passive  load  ports  irrmedi a tely  after 
the  start  of  switching.  The  major  frequency  of  these  oscillations  is 
determined  solely  by  the  inertance  and  capacitance  characteristics  of 
the  receiving  lines.  The  intensity  of  the  waves  is  determined  by  the 
velocity  of  sound,  the  change  of  local  velocity  of  fluid  in  the  ampM- 
fier  and  in  the  receiving  lines,  and  the  density  of  fluid,  i.e. 

AP  =  pCAV.  The  propagation  of  the  expansion  and  compression  waves 
and  their  complex  interaction  with  time  is  shown  in  Fig.  16.  This  fig¬ 
ure  shows  that  when  the  control  jet  is  turned  on  impulsively,  a  com¬ 
pression  wave  is  created.  This  wave  is  partly  reflected  as  a  rare¬ 
faction  wave  and  partly  transmitted  as  a  compression  wave  into  the  op¬ 
posite  control  port,  power  jet  (if  subsonic),  and  into  the  receiving 
ports.  The  compression  waves  in  the  load  ports  are  reflected  as  rare¬ 
faction  waves  back  to  the  interaction  region.  In  the  meantime  the 
waves  in  the  control  ports,  interaction  region,  and  the  power  jet  re¬ 
flect  back  and  forth  and  in  an  extremely  short  time  create  a  very  com¬ 
plex  wave  pattern.  The  relative  strength  and  position  of  these  waves 
as  well  as  the  transient  switching  of  the  ampliMer  depend  on  the  length 
of  the  associated  circuits  or  in  other  words  on  the  acoustical  charac¬ 
teristics  of  the  entire  system.  It  is  evident  from  this  discussion  that 
under  the  right  ci rcums tances  the  compression  and  rarefaction  waves  In 
the  separation  bubble  and  in  the  off-side  load  port  may  be  sufficient 
to  switch  the  amplifier. 

Returning  to  the  discussion  of  the  comparison  of  pressures  at  vari¬ 
ous  points  just  before  swi tching  in  the  steady  and  transient  cases,  it 
should  be  noted  that  the  data  taken  for  both  cases  was  analyzed  and 
plotted  in  Fig.  17  in  terms  of  Q*/Qr  and  the  ratio  of  the  correspondi ng 
transient  and  steady-state  pressures  at  representative  points.  It  is 
observed  that  the  mean  of  the  said  pressure  ratio  is  about  unity  and 
that  the  quasi-steady  state  characteristics  of  the  amplifier  are 
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15  Sample  Recordings  of  Pressure  Waves  at  Various 
Points  for  Impulsive  Control  Flow  Switching 
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Fiq.  17  Comparison  of  Transient  and  Quasi-Steady  State 

Pressures 


identical  with  those  of  the  transient  state  with  the  exception  of  the 
shock  waves  which  during  swi tchi ng  completely  alter  the  pressure  pat¬ 
tern  in  the  amplifier  and  render  impossible  the  discussion  of  an  aver¬ 
age  pressure  field. 


CONCLUSIONS 


The  investigation  of  the  steady  and  transient  behavior  of  an  un- 
vented,  cusped,  bistable  amplifier  has  shown  that: 

a.  the  pressure,  flow,  and  power  recovery  factors  of  the  amplifier 
are  considerably  increased  by  the  cusp  in  front  of  the  splitter  plate 
or  in  other  words  by  the  presence  of  a  latching  vortex; 

b.  as  the  flow  into  the  control  port  is  increased,  the  point  of  at¬ 
tachment  moves  downstream  and  the  pressure  in  the  attachment  bubble 
decreases  rapidly; 

c.  the  stagnation  point  on  the  splitter  plate  moves  from  the  sharp 
edge  of  the  cusp  into  the  circular  arc  portion  of  the  cusp  and  this  in 
turn  creates  a  vortex  at  the  active  as  well  as  passive-load  port  sides 
of  the  cusp;  the  vortex  in  the  active  load-port  side  effectively  blocks 
the  flow  but  the  vortex  in  the  passive  load-port  side  delays  switching 
by  choking  the  flow  just  beginning  to  enter  into  the  passive  leg; 

d.  the  latching  vortex  is  pushed  toward  the  wall  on  the  passive  side 
and  as  a  result  of  this  the  pressure  along  the  wall  (passive  side)  is 
rapidly  decreased.  This  in  part  compensates  for  the  decrease  of  pres¬ 
sure  in  the  attachment  bubble  in  the  active  side  and  in  part  provides 
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suction  or  pull  on  the  power  jet.  Hence,  switching  is  accomplished  in 
part  by  the  momentum  imparted  by  the  control  jet  and  in  part  by  tne  pos¬ 
itive  differential  suction  provided  fcy  the  latching  vortex; 

e.  the  mean  transient  characteri sti cs  of  the  amplifier  are  very  near¬ 
ly  identical  with  the  steady-state  characteristics  with  the  exception 
of  the  shock  waves  created  by  the  impulsive  loading  of  the  control  jet; 

f.  the  propagation  of  the  shock  waves  in  the  amplifier  and  in  the  con¬ 
necting  lines  may  be  analyzed  by  considering  a  particular  amplifier  and 
the  characteristics  of  the  incident  and  reflected  expansion  and  compres¬ 
sion  waves.  The  main  drawback  of  such  an  analysis  comes  from  the  dif¬ 
ficulty  of  determining  or  estimating  the  wave  transmission  and  reflection 
coefficients  of  the  interaction  region.  It  is  clear  that  the  sharp  cor¬ 
ners  at  the  end  of  control  ports,  power  nozzle,  and  the  cusp  set  up  sec¬ 
ondary  shock  wave  fronts  and  render  the  determination  of  that  portion 

of  the  incident  wave  which  is  transmitted  into  the  load  ports  rather 
difficult; 

g.  the  flow  visualization  technique  employed  in  the  present  investiga¬ 
tion  is  quite  satisfactory  for  understanding  qual i tati vely  the  switch¬ 
ing  mechanism  and  for  quick  evaluation  of  the  streamline  pattern  of  an 
amplifier  before  its  actual  testing. 
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NOMENCLATURE 


c  velocity  of  sound 

p  pressure  (psig) 

px  pressure  at  point  x 

Q  flow  rate,  ( cfm) 

VT  throat  velocity 

w  width  of  power  nozzle 
p  density  of  fluid 


Superscripts : 

+  active,  (on-side) 
passive,  (off-side) 

Subscri pts : 

c  control  port 

s  supply 

o  load  port 

x  point  x 
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PER™°MANCE  CHARACTERISTIC:  Cl  VERTEX  AMRUHLita 


G.  R.  HOWLAND 

BENDIX  PRODUCTS  AEROSPACE  DIVISION 
SOUTH  BEND,  INDIANA 


With  the  Introduction  of  the  concept  of  controlling  and  amplifying  a  fluid  flow  by  use  of 
secondary  control  flows,  an  entire  family  of  fluid  interaction  devices  has  been,  or  are, 
being  developed.  A  large  percentage  of  these  devices  is  based  on  the  jet-on-)et  configura¬ 
tion  in  which  the  control  fluid  intersects  the  power  jet  at  right  angles  and  causes  the  com¬ 
bined  Row  to  deflect  from  one  receiver  to  a  second  receiver. 

The  purpose  of  this  paper  is  to  present  recent  developments  of  a  different  version  of 
fluid  amplification,  namely,  the  vortex  amplifier.  Although  the  concept  of  the  vortex 
amplifier  is  not  new,  the  development  of  this  device  has  not  received  the  attention  which 
potential  applications  warrant.  It  is  hoped  that  this  paper  will  help  to  draw  attention  to 
the  vertex  amplifier  addition  to  the  family  of  fluid  interaction  devices. 

THE  VORTEX  AMPLIFIER 

The  basic  vortex  valve  or  amplifier  is  shown  schematically  in  Figure  1.  The  device 
consists  of  a  cylindrical  chamber  with  a  wide  slot  cut  into  the  periphery  of  the  chamber 
radially,  and  a  smaller  slot  cut  along  a  tangent  to  the  periphery.  A  hole  is  provided 
through  the  end  wall  concentric  with  the  chamber  diameter.  The  device  is  usually  con¬ 
structed  from  three  plates.  One  plate,  containing  the  circular  chamber  and  milled 
slots,  is  sandwiched  between  the  two  end  plates  which  contain  the  outlet  or  outlets  and 
the  appropriate  fittings.  Figure  2  (a)  shows  three  vortex  chambers  made  from  plastic, 
and  Figure  2  (b)  shows  an  assembled  unit. 

A  supply  flow  is  introduced  to  the  radial  slot  and  allowed  to  leave  the  chamber  by  the 
center  hole.  Usually  the  dimensions  of  the  chamber  and  inlet  are  such  that  the  outlet 
hole  represents  the  predominant  restriction.  The  entire  chamber,  therefore,  is  at 
essentially  supply  pressure.  If  a  second  flow  is  introduced  into  the  chamber  by  the 
tangential  slot,  the  into:  action  of  the  two  flows  will  cause  a  rotational  motion  to  occur 
at  tii e  periphery  of  *he  chamber.  The  combined  flow  will  follow  a  spiral  path  to  the  exit 
hole.  By  the  conservation  of  angular  momentum,  the  tangential  velocity  of  the  fluid  will 
increase  rapidly  as  the  radius  of  rotation  reduces.  The  centrifugal  force  generated  by 
the  high  rotational  swirl  near  the  exit  is  reflected  on  the  radial  incoming  flow  as  a  high 
impedance.  Therefore,  the  impedance  of  the  \ortex  valve  is  greatly  increased  by  the 
tangential  injection  of  a  small  control  flow. 
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Figure  2 


Typical  Performance  Characteristics 

Since  the  required  control  flow  is  less  than  the  maximum  supply  flow  (for  a  L  iveu  supply 
to  exit  pressure  differential),  flow  amplification  results.  The  amount  of  swirl  generated 
in  the  chandler  depends  on  thr  interchange  of  momentum.  Therefore  large  flow  reduc¬ 
tion  can  t>e  obtained  by  using  a  small  control  port  area.  The  maximum  to  minimun  exit 
flow  ratio  is  then  dependent  on  the  control  port  to  exit  hole  area  ratio.  However  large 
flow  amplification  factors  are  obtained  at  the  expense  of  higher  control  to  supply  pres¬ 
sure  differentials.  A  trade-off  isthen  obtained  between  flow  and  pressure  amplificati  n. 

Load  Pressure  Pickoffs 

As  the  vortex  amplifier  is  a  fluid  interaction  device  and  depends  on  the  reaction  of  con¬ 
trol  and  power  flows,  d  is  not  possible  to  reduce  the  output  flow  to  zero.  For  certain 
applications  where  a  zero  load  flow  is  required,  one  of  two  receiver  configurations  can 
be  employed.  In  Figure  3  (a)  an  external  receiver  is  inserted  downstream  of  the  vortex 
chamber  outlet.  When  the  chamber  is  at  full  flow  condition,  the  flow  leaves  the  exit  hole 
in  a  solid  jet  and  is  collected  in  the  receiver.  In  the  full  turndown  or  maximum  swirl 
condition,  the  flow  leaves  the  chamber  and  fans  out  in  a  conical  spray,  completely  by¬ 
passing  the  receiver.  The  high  velocity  of  the  conical  flow  can  cause  aspiration  in  the 
receiver.  This  aspiration  is  indicated  in  the  calibration  shown  in  Figure  3  (b)  by  the 
negative  portion  of  the  load  pressure  characteristic  curve. 

A  second  method  of  reducing  the  load  flow  to  zero  is  shown  in  Figure  4  (a).  In  this  config¬ 
uration,  the  load  flow  is  taken  from  a  hole  on  the  opposite  wall  and  concentric  with  the  exit 
hole.  This  internal  receiver  will  be  referred  to  as  the  "P0  tap”.  Although  the  maximum 
load  pressure  obtainable  in  the  external  receiver  configuration  is  limited  by  the  losses 
inherent  in  the  recovery  of  a  high  velocity  jet,  the  maximum  dead  ended  pressure  ob¬ 
tainable  at  the  P(1  tap  is  close  to  the  supply  pressure.  The  minimum  PG  pressure 
obtained  at  full  swirl  condition  is  dependent  on  the  ratio  of  the  PQ  tap  diameter  (d  )  to 
the  exit  hole  diameter  (d  ) .  A  calibration  of  P  against  control  pressure  Pc  is  shown 
in  F igure  4  (b) . 

Figure  5  shows  the  relationship  between  the  PQ  pressure  to  valve  downstream  pressure 
(Pp)  ratio,  and  the  diameter  ratio  for  a  supply  pressure  of  50  psia.  The  P„  pressure  is 
less  than  the  downstream  exhaust  pressure  if  the  PQ  tap  diameter  is  less  than  80V  of  the 
exit  hole  diameter.* 

The  P,  tap  can  be  useful  in  the  following  ways: 

1.  It  provides  a  method  of  calibrating  and  comparing  the  performance  of  vari¬ 
ous  vortex  valve  configurations,  without  the  necessity  of  measuring  flows. 

2.  It  provides  an  output  receiver  which  is  particularly  useful  when  the  load 
impedance  is  essentaallv  infinite  (such  as  a  bellows  or  spring-loaded  piston). 

3.  rhe  P;)  tap  can  be  used  to  obtain  an  adjustable  gain  amplifier  stage. 

*It  has  been  recognized  that  the  relationship  shown  in  Figure  5  is  dependent  on  the  supply 
to  exhaust  pressure  ratio,  and  that  maximum  and  minimum  P0  Pe  ratios  exist.  These 
conditions  and  limits  have  not,  to  date,  been  fully  evaluated. 
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Figure  6 


Items  1.  and  2.  are  self-explanatory.  Item  3.  probably  requires  further  explanation.  If 
the  vortex  amplifier  exit  and  P  ;  tap  are  connected  externally  as  shown  in  Figure  6  (a), 
the  total  outlet  flow  (w{)  is  equal  to  die  sum  of  'he  flows  from  the  exit  hole  and  the  P  , 
tap.  Therefore  wt  w0  -*•  we. 

U  d0  ae  .8,  then  at  maximum  flow  condition  the  pressure  upstream  of  Ixith  exits  is 
essentially  supply  pressure  and  womax  -  (.8)2  wemax. 

Thus  w  w  ♦  .64  w  -  1.64  w  .  However,  at  the  full  turndown  condl- 

tmax  emax  emax  emax 

(ion  P  P  -  1  and  therefore  w  =0. 
o  e  o  m  l  n 

Thus.w(rmn  wemin- 

Tlie  maximum  valve  output  flow  has  been  increased  by  64  r.  while  the  minimum  output  is 
unchanged.  The  corresponding  increase  in  flow  amplification  is  illustrated  in  Figure  6 
(b).  If  a  variable  restrictor  is  placed  in  the  P0  tap  line,  the  range  in  flow  amplification 
can  tie  adjusted  between  the  limits  shown. 

Multiple  Inputs  and  Dias  Control 

The  vortex  valve  can  become  a  more  useful  device  by  using  multiple  control  ports. 
Although  the  schematic  of  Figure  1  shows  the  control  port  overacting  directly  with  the 
inlet  supply  flow,  experimental  evidence  has  proven  that  the  control  can  be  injected 
along  any  tangent  line  to  the  chamber  periphery.  Multiple  control  ports  which  generate 
a  swirl  in  the  same  direct, on  have  additive  effects.  Control  flows  w-hich  tend  to  oppose 
each  other  are  subtractive. 

The  latter  effect  can  be  used  to  obtain  negative  calibration  characteristics.  That  is, 
an  increasing  control  flow  in  a  biased  valve  causes  a  reduction  m  the  valve  impedance. 

A  typical  calibration  of  a  biased  vortex  valve  is  shown  in  Figure  7. 

The  effect  of  summing  and  subtracting  control  inputs  can  be  useful  in  servo  systems 
where  it  is  necessary  to  compare  command  and  feedback  signals  with  a  minimum  of 
cross  impedance.  Multiple  control  ports  can  also  be  used  to  obtain  dynamic  compensa¬ 
tion.  A  lead  network,  shown  in  Figure  8,  consists  of  two  opposing  control  ports  connected 
from  a  common  input  signal.  One  control  line  contains  a  resistance  (orifice)  and  capaci¬ 
tance  (volume).  The  opposing  control  line  contains  only  a  resistance.  For  any  quiescent 
input  signal,  the  two  control  ports  are  balanced  and  the  output  flow  or  pressure  is  inde¬ 
pendent  of  the  input  signal  level.  For  a  changing  input  signal  pressure,  the  time  required 
to  compress  the  gas  in  the  volume  capacitance  causes  the  pressure  at  one  port  to  lag 
the  pressure  at  the  opposing  port.  A  swirl  is  then  generated,  and  the  output  pressure 
will  reduce  by  an  amount  proportional  to  the  rate  of  change  or  time  derivative  of  the 
input  signal. 

It  can  be  seen  that  a  lag  circuit  is  obtained  if  the  two  control  ports  are  additive. 
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Lead  Circuit 


Dynamic  Response  Characterist  ics 


A  digital  computer  propram  was  developed  to  calculate  lx>th  the  steads  state  perforn  anr< 
of  a  vortex  valve  and  the  response  to  a  step  change  in  control  pressure.  Figure  9  shows 
the  comparison  between  computer  and  measured  data  for  a  one  inch  diameter  vortex 
chamber.  The  valve  response  consists  of  a  transportation  delay  and  a  single  order  lap. 
For  this  particular  valve,  the  delay  is  2  milliseconds  and  the  lap  time  constant  is  8 
milliseconds,  fur  smaller  valves  of  the  same  confip  iration.  the  response  is  much 
faster,  and  lor  larper  valves  the  response  is  slower.  The  transportation  delay  can  lx* 
approximated  by  die  equation 
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13.44  N  T 
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valve  peripheral  diameter  (inch) 
exit  hole  diameter  (inch) 
pas  constant  (in. 1th.  Ib.depree) 
pas  temperature  (degrees) 


averape  flow  turndown  ratio  at  the  test  condition 
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AMPLIFIER  STAGING 


Single  Ended  Circuit 

Vortex  valves  can  he  used  in  series  to  obtain  hiph  amplification  factors,  by  attachinp 
the  output  of  one  valve  to  the  control  port  of  the  second  valve.  A  schematic  and  typical 
amplification  curve  is  shown  in  Fipurc  10.  In  this  configuration ,  a  1  2  inch  diameter 
valve  was  used  to  drive  a  one-inch  diameter  valve.  An  overall  pressure  pain 
(  A  P  AP  j)  of  40  was  obtained.  The  linear  pressure  pain  of  each  stage  was  7. 

One  of  the  main  advantages  of  staging  with  vortex  dev  ices  is  the  fact  that  all  of  the  flow 
introduced  at  the  various  supply  and  control  ports  is  available  at  the  outlet  of  the  power 
stage.  This  is  not  possible  when  a  constant  flow  amplifier  is  used. 
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Pu  sfi-  Pull  C 1 1  cuit 


Since  the  i  *mt  ml  pressure  applied  in  a  vertex  amplil  u*r  is  "1  .1  higher  lex  el  than  I  he 
cor  responding  output  pressure,  it  is  uetessarx  when  staging  valves.  to  slightly  reduce 
the  supph  pressure  in  each  «  onse*  utivt  stage  Therefore  .«  separate  press.. re  regulator 
would  lie  required  l<  r  each  stace  i:  the  \  jives  are  staged  as  shown  in  Figure  10.  This 
is  not  tlesii alile  in  a  |  ract  u  al  ss  Mem  In  i >rder  t"  eliminate  this  problem  and  f  <  <t  other 
reasons  whir  h  w  ill  he  discussed  later  it  is  desl ra hie  to  <  opy  t he  elet  t  r  i<  al  pl  at  t  n  e  nl 
operating  aniplitier  stages  in  push-pull.  Figure  11  (a)  indicates  schematically  the 
tnetl  t*1  <i|  obtaining  a  push-pull  c  ire  uit. 

When  a  single  control  in|)ut  is  used,  the  control  is  applied  to  both  xalve  A  and  valve  15. 

An  increasing  control  pressure  will  cause-  the  impedance  of  valve  A  to  increase  and. 
since  valve  B  is  biased,  its  impedance  will  decrease.  11  valves  A  and  B  are  identical 
and  symmetrical,  tin  total  impedance  to  supply  How  will  he  independent  of  the  control 
signal  level.  The  common  suppiv  pressure  to  the  two  valves  can  then  he  set  hv  a  fixed 
restriction  from  the  source  pressure  level.  High  amplification  factors  can  he  obtained 
hv  staging  the  outputs  to  control  inputs  m  the  conventional  manner.  No  further  biasing 
is  required  in  the  other  stages,  since  the  inputs  are  m  push-pull  from  tne  preceding 
stage.  The  supply  pressures  to  each  stage  can  lx*  maintained  at  the  req  n  red  level  hv 
suitable  restrictors  from  the  sourc  e  pressure.  Figure  11  ( h)  shows  t ti *  output  pressure 
differential  (  d  Pu)  against  input  control  pressure  (Pc)  obtained  from  a  single  stage  push- 
pull  circuit.  Tins  ligurc  indicates  the  good  linearity  obtained  cnei  a  la  rite  percentage  of 
the  useful  ranite.  The  comparison  of  the  test  data  at  two  supply  pressure  levels  (GO  psig 
and  120  p s 1 1; )  show-s  that  although  the  ranite  of  differential  pressure  output  is  proportional 
to  supply  pre  ssure,  the  pain  of  the  circuit  is  independent  of  the  pressure  level.  Bv 
dehberatelv  unnalancmg  the  impedance  match,  of  the  two  valves,  the  common  suppiv 
pressure  can  be  made  to  increase  or  decrease,  with  an  increasing  control  flow.  In  this 
manner,  the  control  impedance  reflected  at  the  input  can  be  varied  from  essentially 
zero  to  a  high  value.  This  variation  in  input  impedance  can  lx  useful  in  matching  a 
sensor  output  to  an  amplifier  input  for  optimum  circ  uit  performance. 

If  a  push-puii  contml  input  is  obtained  such  as  from  a  torque  motor  flapper,  no  bias  is 
required  on  the  first  stage  of  the  amplifier. 

Some  of  the  advantages  of  employing  a  push-pull  circuit  include  reduced  sensitivitv  to 
supply  pressure  level  and  suppiv  noise,  insensitivity  to  Ixith  gas  temperature  and  mater¬ 
ia!  thermal  expansion  effects,  and  ease  of  obtaining  the  required  stage  supply  pressures. 

APPl  1C  AT  IONS 

In  this  section,  two  applications  for  the  vortex  amplifier  are  descrilxxi.  These  applica¬ 
tions  are  sufficiently  different  in  concept  to  provide  examples  of  the  adaptability  of  the 
device . 


Amplifier  and  Compensation  Network 

Figure  12  shows  an  amplifier  and  compensation  network  for  a  pneumatic  actuator,  which 
has  been  developed  for  NASA-Marsha  1  Space  Flight  Center.  The  amplifier  consists  of 
four  stages  of  vortex  valves  in  push-pud  operation,  which  prov  de  an  uncompensated  gain 
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of  1400.  An  input  pressure  differential  .it  the  torque  motor  flapper  of  approximately 
1  3  psi  provides  an  output  load  pressure  differential  of  410  psi.  The  supply  fluid  is 
hydrogen  at  800  psi. 

The  output  stage,  consisting  of  four  vortex  valves  in  a  bridge  arrangeme  it  replaces  the 
conventional  spool  type  servo  valve,  The  load  pressure  and  flow  power  a  pneumatic 
vane  motor.  The  vane  motor,  through  a  planetary  transmission  and  kill  lead  sc  rew 
produces  a  high  forc  e  linear  stroke  output  for  mmkiUing  a  rot.  ket  engine. 

Position  feedkick  is  obtained  from  pressure  pickoffs  from  a  linear  cam  attached  to  the 
output  shaft.  A  position  command  caused  by  motion  ot  the  torque  motor  flapper  generates 
a  pressure  diflerc  tial  at  '.he*  input  to  the  amplifier.  The  resulting  motion  of  the  output 
shaft  changes  the  position  pick.  >f!  bleed  areas.  The  amplifier  input  pressure  differential 
will  reduce  to  zero  when  the  bleed  areas  of  the  position  pickoff  balance  the  bleed  areas 
of  the  torque  motor. 

Dynamic  compensation  is  obtained  bv  summing  a  motor  speed  signal  and  load  pressure 
differential  at  the  input  stage  to  the  amplifier. 

A  breadboard  version  of  the  amplifier  is  shown  in  I  igure  13. 

Com  mutat  lun  C i  rcuit 

Figure  14  shows  a  commutation  circuit  for  a  new  concept  in  pneumatic  actuator.  The 
circuit  is  basically  a  logic  circuit  which  increases  or  reduces  the  pressures  applied 
to  eight  bellows.  To  operate  the  actuator,  it  is  necessary  to  pressurize  the  bellows 
sequentially  in  groups  of  four.  To  do  this,  the  sixteen  selector  calves  aco  pt  as  in¬ 
puts  the  directional  signal  from  a  bistable  amplifier  and  the  actual  position  of  the  out¬ 
put  member  (obtained  as  the  upstream  pressures  of  four  variable  bleed  orifices).  The 
combination  of  inputs  causes  one  pair  of  vortex  selectoi  valves  to  operate  in  push-pull 
and  provide  control  signals  to  two  of  the  eight  power  valves.  The  1^,  tap  of  the  power 
valves  is  connected  directly  to  the  bellows.  The  relationship  between  the  position  pick¬ 
off  pressures  and  the  corresponding  pressurized  bellows  is  such  that  continuous  sequenc¬ 
ing  of  the  bellows  occurs  m  a  marine  r  stmilai  to  the  brush  commutation  of  an  electric 
motor.  The  pressure  error  valve  output  applies  a  bias  to  the  power  valves  which  is  m- 
verselv  proportional  to  the  absolute  value  of  the  input  error  signal.  This  bias  dictates 
maximum  bellows  pressure  (and  therefore  output  torque)  obtained. 

This  circuit  is  an  example  of  the  analog  logic  functions  which  can  lie  performed  without 
the  use  of  mechanical  valving.  The  actuator  has  been  developed  undci  a  NASA  Lewis 
Research  Center  Contract. 

Other  Applications 

In  the  area  of  contri  Is  for  gas  turbine  engines,  die  necessity  (or  multiple  closed  loop 
controls  leads  to  requirements  for  simple  and  reliable  sensors,  logic  circuits,  ampli¬ 
fication  and  power  devices.  Operation  ol  one  or  more  vortex  valves  as  speed  sensors, 
temperature  sensor?  .  pressure  ratio  sensors,  logic  sequencing  and  amplification  have 
been  demonstrated.  The  insensitivity  of  tin  circuits  to  supply  pressure  level  allows 
use  of  the  compressor  discharge  pressure  as  an  unregulator  source. 
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SUMMARY  AND  CONCLUSIONS 


The  vortex  valve  as  an  amplifying  device  offers  unique  advantages  over  other  concepts 
of  "pure  fluid "  devices.  The  Ixisic  amplifier  is  easy  to  fabricate  by  conventional  machin¬ 
ing  techniques,  it  is  capable  oi  operating  reliably  and  predictably  over  a  virtually  in¬ 
finite  range  of  pressure  differentials,  and  it  does  not  contain  an\  splitters,  receivers 
or  other  critical  geometric  shapes.  The  vortex  valve  can  be  scaled  from  a  minimum 
dictated  by  dirt  sensitivity  and  fabrication  techniques  to  the  largest  size  capable  of 
pro\  iding  the  required  dynamic  response. 

The  pressure  available  at  the  output  ranges  from  the  supply  pressure  to  a  pressure  less 
than  the  vent  pressure.  Employing  push-pull  circuits  materially  broadens  the  potential 
usefulness  of  the  device,  and  the  conservation  of  flow  in  multiple  staging  provides  high 
power  effic  lency . 
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FLUID  VORTEX  AMPLIFIER  OPTIMIZATION 


by 

I.  Greber,  P,  E.  Koerper,  C.  K.  Taft 


Aba tract 


A  vortex  ainplifier  is  designed  to  obtain  maximum  flow  shutoff 
capability.  Empirical  relations  are  established  which  describe  the 
maximum  flow  conditions  of  the  amplifier.  They  are  used  to  predict  the 
shutoff  capability  as  a  function  of  the  amplifier  outlet  and  inlet  aroas, 
and  consequently  to  design  for  maximum  shutoff.  The  optimized  ainplifier 
produced  a  flow  shutoff  of  less  than  9  percent  maximum  flow  and  was  a 
bistable,  hysteratic  device. 

A  non-hysteretic  amplifier  was  designed  by  modifying  the  hysteretic 
amplifier.  Its  shutoff  capability  is  less  than  DU  percent  of  maximum 
flow. 

This  research  was  supported  in  part  by  a  grant  from  the  ARO 
Corporation,  Bryan,  Ohio  and  in  part  by  the  National  Aeronautics  and 
Space  Administration  under  NAS  Contract  8-11267. 

Introduction 


The  vortex  amplifier  described  herein  is  a  pure  fluid  device  in 
which  a  radial  main  flow  is  controlled  by  an  tangential  control  flow. 
Without  viscosity  and  with  azimuthal  symmetry  the  streamlines  in  tho 
main  part  of  the  device  would  be  spirals,  and  can  be  regarded  as  the 
superposition  of  a  vortex  flow  and  a  source  flow}  hence,  the  name 
"vortex  amplifier".  The  device  described  is  geometrically  and  opera- 
tionally  relatively  simple.  Its  geometry  can  be  completely  described  by 
only  four  non-dimensional  parameters  .  Its  maximum  and  minimum  flow 
limits  follow  a  simple  functional  behavior,  experimentally  determined. 
From  this  functional  behavior  one  can  predict  the  geometrical  parameters 
at  which  maxirum  shutdown  capability  of  the  amplifier  occurs.  This 
paper  discusses  the  establishment  of  the  flow  limit  functional  behavior 
and  the  design  of  an  amplifier  for  a  maximum  ratio  of  maximum  to  minimum 
flow  rate.  The  ratio  of  maximum  to  minimum  flow  rate  will  henceforth  be 
called  the  'turndown  ratio"  . 

Optimization  Procedure 


The  method  of  optimization  of  the  amplifier  is  as  follows: 

1.  A  geometrical  design  is  chosen  based  on  knowledge  of  the 
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characteristics  desired  in  the  amplifier.  This  choice  of 
design  will  be  discussed. 

2.  n.ov  through  the  vortex  chamber  is  described  mathematically 
for  the  maximum  and  minimum  flow  conditions.  The  equations 
for  these  extremes  originate  from  an  empirical  relation 

for  minimum  flow  (i.e.  when  all  flow  is  through  the  tan¬ 
gential  control  ports),  and  viscous  orifice  flow  equations 
for  maximum  flow  (i.e.  when  all  flow  is  introduced  through 
the  supply  inlet  annulus) . 

3.  The  optimum  amplifier  is  defined  as  one  which  maximizes 
the  ratio  cf  maximum  flow  to  minimum  flow  out  of  the 
chamber.  This  ratio  is  called  the  "turndown  ratio"  and 
is  denoted  by  3  • 

U.  Prom  the  above  mentioned  equations,  an  expression  for  the 
outlet  diameter  in  terms  of  the  supply  inlet  area  at  which 
Qtaajt  occurs  is  obtained. 

5.  Experimental  data  is  used  to  determine  the  detrimental 

effect  of  the  supply  inlet  annulus  area  on  vortex  flow. 

6.  Tasks  3  and  U  are  combined  tc  yield  the  optimized  values 

of  the  outlet  diameter  and  inlet  area  at  which  will 

occur  . 

7.  Experimental  data  is  used  to  find  the  value  of  y,,^. 

8.  The  effect  of  the  tangential  control  port  area 

and  the  shape  of  the  total  flow  versus  control  pressure 
curves  is  determined  experimentally. 

Geometrical  Design 


The  geometrical  design  to  be  optimized  is  presented  in  Figure  1. 
Supply  flow  enters  through  the  axial  inlet  annulus  and  exits  through  the 
two  outlet  holes  whoso  centers  are  located  at  the  center  of  the  vortex 
chamber  .  Two  control  ports  are  used  and  are  spaced  180°  apart  . 

1.  The  inlet  annulus.  To  obtain  maximum  flow  through  the 

amplifier  it  is  essential  that  the  inlet  supply  port  be  as 
large  as  possible.  The  inlet  annul U3  has  the  advantage 
of  providing  a  large  flow  area  for  relatively  small 
annulus  thickness  (dg)  .  Note  that  in  this  design  only 
one  annulus  was  used.  This  was  for  ease  in  fabrication. 

It  is  possible  that  two  inlets  on  both  sides  of  the  chamber 
raiaht  further  increase  the  turndown  ratio.  Although  there 
are  many  advantages  to  the  annular  entrance,  there  is  the 
disadvantage  that  increasing  the  annulus  opening  decreases 
the  effectiveness  of  the  control  jet.  This  effect  is 
crucial  in  the  optimization  of  the  amplifier. 
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.  The  two  outlet  holes.  Two  outlet  holes  are  used  ( Instead 
of  tiie  one  hole  pictured  in  most  conceptual  drawings)  . 

This  is  because  the  restrictive  effoct  of  the  vortex  is 
almost  entirely  a  function  of  do/d^.  Adding  a  second  hole 
to  the  chamber  does  not  alter  this  ratio  in  any  way  but 
does  increase  the  outlet  area  considerably.  Thus, for  a 
given  outlet  diameter,  twice  the  flow  area  is  obtained 
which  increases  the  maximum  flow  through  the  amplifier 
while  effectively  not  changing  the  minimum  flow  conditions  . 

3*  Control  Ports.  Two  inlet  control  ports  were  used.  Tests 
indicate  that  the  only  advantage  in  wore  control  ports  is 
that  of  proriding  an  axiaruthally  wore  uniform  flow  pattern. 
However,  the  additional  uniformity  obtained  with  more  than 
two  control  ports  does  not  noticeably  increase  the  turn¬ 
down  ratio.  The  total  control  port  area  appoars  to  be 
the  final  determining  factor  in  the  control  pressure  (as 
shown  later) ,  not  necessarily  the  number  of  control  ports  . 


Empirical  Vortex  Model  and  Minimum  Flow  Rate 


The  behavior  of  the  amplifier  can  be  described  by  using 
of  a  non -viscous  amplifier  to  show  how  tha  parameter*  should 
correcting  experimentally  for  the  effects  of  viscosity.  The 
fluid  must  satisfy  conservation  of  mass  and  Euler's  equation 


the  behavior 
group,  then 
nun-rise  eras 
of  motion 


♦  div  (p  f)  -  0  (1) 

_  2 

^ypi(?i?)+hP-o  (2) 


Assuming  constant  density,  these  equations,  with  appropriate  boundary 
conditions,  are  sufficient  to  determine  the  flow.  Additionally 
assuming  a  steady  two-dimensional  azimuth ally  symmetric  flow,  that  is 


d 


dt  d6 


u 

* 


-  0 


(3) 


one  finds  that  the  flow  can  be  regarded  a*  the  superposition  of  a  source 
and  a  vortex.  The  pressure  difference  between  any  two  radii  is  then 
given  by 
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A.asumirg  the  flow  into  tho  chamber  is  through  only  the  tangential 
control  porta  (thie  ia  the  condition  for  minimum  flow  rate'  and  using 
an  inlet  geometry  as  pictured  in  Figure  1*  where  the  outer  wall  varies 
In  radius  aa  r  -  r^-  —  ,  and  aasunlng  rortex  flow  pattern  ia  correct 
up  to  the  outlet  uole*  the  final  equation  can  be  written; 


j 


2Wh\  2 

‘ 


where 


2  Wh 


<  <  1  for  condition  tested . 


(5) 


Taking  the  pressure  difference  between  the  chamber  outer  radius  and  tne 
outlet  and  neglocting  with  respect  to  unity,  equation  (5)  can 

be  rewritten  non-dimonalortally  aa 

A*  -  1  (6) 


To  correct  the  abcnre  result,  equation  (6)  ,for  viscous  effects, 
qualitative  consider ationa  suggest  that 


A* 


r4> 


% 


1/2 


•* 


(7) 


Tho  right-hand  side  of  (7)  ia  a  stretched  Reynolds  number.  Figure  2 
shows  the  experimental  data  plotted  according  to  equation  (7).  The 
experimental  data  is  seen  to  be  well  correlated  when  plotted  in  this 
manner,  and  appears  to  approach  the  non-viscous  result,  AP  ■  1,  aa 
tne  stretched  Reynolds  number  goes  to  infinity,  as  one  expects. 

For  later  work,  it  ia  useful  to  rewrite  equation  (7)  as  a  formula 
for  n .  Noting  that  Q  ia  equation  (7)  is  ^min*  it  can  be  rewritten 
aa 


It  ia  also  important  to  note  that  pc^  -  p8  when  all  flow  comes  from 
the  control  ports;  that  13,  whon  Q  *  Qmin>  then  also  pQ^  »  p# . 

Equations  (7)  and  (8)  and  Figure  2  are  valid  when  there 
is  no  entrance  annulus  When  an  entrance  annulua  ia  present  but  there 
is  no  entrance  supply  flow,  equation  (8)  must  be  replaced  by 


Q  ,  -  g(D  ) 

min  6  b 


r  2Wh  1  r_5L 

Vi*  J  -* 


1/2 


1/2 


(9) 


♦Figures  start  on 


page  2 J4  . 
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The  function  g(D  )  accounts  for  the  effect  of  the  entrance  annulus  on 
the  "vortex"  flcrS .  Its  effect  it  to  Increase  the  tnroughflow  f or  a 
given  pressure  difference.  This  is  equivalent  to  decreasing  the 
effectiveness  of  control  flow  in  producing  vortex-like  notion  .  A  plot 
ol  g(Ds'  is  shown  in  Figure  3- 


Maximum  Flow  Through  Cnambor 


Flow  through  th  e  chamber  is  maximum  whor,  tangential  control  flow 
is  zero.  Then  flow  enters  only  axially  through  the  annulus  and  may  be 
..’escribed  by  orifice  flow  equations  for  two  orifices  in  aeries. 
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Note  that  it  is  fallacious  to  talk  about  a  single  orifice  and  that  two 
orifices  in  series  must  bo  used.  This  becomes  obvious  later. 
Rewriting  equation  (10)  in  terms  defined  by  Figure  1: 
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Optimization  of  Turndown  Ratio 


The  turndown  ratio  3  •  O/Q.  is  obtained  by  dividing  equation 
(11)  by  equation  (R),  and  noting  that  at  3,^,  Pch"  Pa  •  One 

obtaina 
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W. 

2Wh 
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g(Dfl} 


D2  -  ^ 
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(12) 


One  can  now  find  5  such  that  ^  Is  a  maximum  by  setting  d3/?>D  *0, 
where  all  quantities  other  than  D  are  hald  fixed  in  the  differentiation. 
This  means  that  the  optimization  is  made  at  a  fixed,  but  unspecified, 
value  of  stretched  Reynolds  number  .  It  remains  for  a  posteriori 
experiments  to  demonstrate  that  the  optimum  geometry  so  chosen  remains 
optimum  over  a  suitable  Reynolds  number  range  .  The  result  is 


-  -  U(j4)^  1  *  U  (jr-) 
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Since  2  jr-  is  email,  one  has  the  useful  approximation 
o 

r  t  ,1/2 

B  -  2  ’  B 
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Equation  (13)  is  equivalent  to  the  statement 


K  A  -  l  A 
o  o  as 


so  that,  roughly  speaking,  the  Inlet  and  outlet  areas  should  bo  about 
the  sane  else. 

Haring  found  now  the  inlet  and  outlet  aroas  should  be  related, 
the  optimization  can  bo  continued  by  putting  this  relation  back  into 
the  expression  for  the  turndown  ratio  Q ,  equation  (12),  ana  again 
seeking  a  maximum  of  5.  Using  equation  (Hi),  equation  (12)  becomes 

2  -jf*iD-2  (W  l1/2/ 

5  -  j  LE5.,.1~ — *2 — J  \  (16] 

awh  t  g  (5 )  ■) 

o 

Now  holding  all  quantities  other  than  D  fixed,  a  maximum  of  $  occurs 
at  a  maximum  of  the  factor  in  the  hraceS  |  *>  in  equation  (IS)  .  This 
factor  ie  shown  in  Figure  U,  for  Kb  •  Ko*  Under  these  conditions  a 
maximum  value  of  (5  occur  j  where  5  -  0  .0U5  • 

Correspondingly, 

r  K,  i1/2 

5-  2  J  D  -0.3 

K  a  _ 
o 

Summarizing: 

5  .  -  o.ous 

a  opt  (u: 

6  opt  -°-3 


An  optimum  choice  of  H  requires  a  Reynolds  nuwber  study  similar 
to  that  which  was  made  for  tno  no-supply-flow  limit.  This  was  not 
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done.  Qualitative  testa  indicated  that  a  range  of  H  values  could  bo 
used  without  aerioualy  changing  the  operation  of  the  amplifier.  For 
the  final  amplifier  built,  H  -  0.1375  was  used. 

Experimental  Results  for  "Optimum  Amplifier" 


A  vortex  amplifier  was  then  built  to  the  optimised  specifications 
(5  -  .3,  5S  -  «0U5  and  H  *  .1875)  •  The  control  port  widths  w  were 
designed  to  be  adjustable .  Then  a  series  of  tests  were  run  with  air  at 
low  supply  pressure  (p  “1-5  psig)  to  determine  the  total  turndown  ratio 
of  the  amplifier  and  the  effects  of  W  on  Q  and  P  and  the  shape  of  the 
of  the  Qt  versus  Pc  curves.  The  results  of  these  curves  are  given  in 
Figures  5»6,  and  7. 

A  turndown  ratio  of  10  was  obtained  for  the  amplifier  with  a 
pressure  ratio  P  »  2.  As  the  control  port  area  2WH  was  decreased 
the  turndown  ratio  increased  slightly,  but  the  P  ratio  increased 
dramatically.  An  increase  in  the  area  2WH  causei  the  opposite  effect. 
3ince  the  amplifier  is  much  more  useful  with  P  close  to  1,  it  is 
recommended  that  relatively  large  control  port  areas  be  used.  This 
will,  of  course,  depend  on  the  actual  use  of  the  amplifier  and  it  is 
suggested  that  Figures  5»6,  and  7  be  used  as  a  guide  for  obtaining 
the  operation  desired  . 

Extension  of  Theory  to  One  Outlet  Hole  Amplifier 


The  derivation  of  a  single  outlet  hole  amplifier  is  identical 

2  .. 


to  the  double  case  wi throne  exception. 


b  ■ 
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(18) 


2  holes 


1  hole 


By  going  through  the  same  procedure  as  before  the  identical  results  are 
obtained  ,that  is 


K  A  -  K  A  and  P,  •  0.0U5 
00  •  •  ^cl. 

This  leads  to  the  result  that 
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No  experimental  testa  were  made  with  this  geometry.  However,  the 
resulting  turndown  ratio  can  be  [ redicted  from  2  hole  data. 
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Development  of  Nonhys tore sis  Vortex  Amplifier 

The  amplifier  just  optimized  was  designed  to  obtain  maximum  turn¬ 
down  with  little  consideration  of  the  shape  of  the  versus  pc  operating 
curve  .  As  a  result  a  high  turndown  device  was  designed  but  it  had  an 
unstable  hysteretic  area  in  its  operating  range  (see  Figure  5) • 

Increasing  the  control  port  area  decreases  but  doea  not  eliminate 
the  hysteretica  (see  Figure  5)*  It  was  necessary  to  reduce  the  size  of 
the  outlet  hole  to  achieve  the  desired  non-hyateretic  amplifier. 

Tests  were  made  to  determine  the  maximum  outlet  hole  size  allowable 
with  no  hy*tere8is,  with  a  chamber  diameter  of  one  inch  and  with  air 
at  P3  -  3  psig .  It  was  f ound  that  the  maximum  outlet  hole  diameter 
ratio  D  (for  two  outlet  holes)  was  roughly  0.15.  Above  a  value  of 
D  -  0.15  hysteresis  could  not  be  removed  by  increasing  the  control  port 
area^.  Figure  9  shows  how  the  hysteresis  varies  with_increaslng  2WH, 
for  D  »  0  .lit  (i.e.  near  the  upper  limit  of  useful  D)  • 

A  maximum  turndown  ratio  for  the  nonhysteretic  amplifier  was  found 
to  be  7 : 1  ♦  The  pressure  ratios,  P,  were  always  less  taan  2  and  for 
large  control  port  areas  approached  1. 

It  is  worthwhile  to  note  that  the  limiting  case  for  &  useful 
non-hysteretic  amplifier  is  not  necessarily  lack  of  hysteresis .  Noise 
in  the  amplifier  is  present  in  the  high  gain  region  of  the  operating 
curve  . 

If  this  amplifier  is  to  be  a  highly  sensitive  device  as  in  the 
case  of  rate  sensors,  this  noise,  which  is  greater  at  larger  diameter 
ratios,  will  make  the  higher  turndown  ratio  amplifiers  difficult  to 
use  . 

Figure  10  presents  the  final  design  arrived  at  for  the  non-hysteretic 
amplifier . 
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area 

diameter 

supply  annulus  width 


.  <*, 


experimental  function  of  D 

height  of  chamber 
h 

X 

orifice  coefficient 
Kc6  M 

arbitrary  constant 

pressuro 

Pc 

Ps 


nondimonsional  pressure  function 
volume  trio  flow  rate 

flow  normalized  by  flow  across  an  orlfic 

<w 

'g; 


radius 

Q 

■  ^  ,  Reynolds  number 
-  velocity  component 
total  velocity  vector 

control  port  width 

v 

gradient  rector 
angle 


p  naas  density 

()  measurement  at  the  control  port 

c 

()  ,  e*oaauremont  at  the  chamber  outer  radius 

ch 

()  normalising  quantity 

().  meaaure»«ent  at  in.'. at 

in 

()  measurement  at  cutlet 

o 

()  measurement  at  supply  part 

()1  measurement  at  radial  boundary  (1) 

() 2  measurement  at  radial  boundary  (2) 

()  dimensionless  quantity 
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CHARACTERISTICS  OF  A  VORTEX  DEVICE 

AND 

THE  VORTEX-BREAKDOWN  PHENOMENON 


by 

Turqut  Sarpkaya 

University  of  Nebraska,  Lincoln,  Nebraska 


The  results  of  an  investigation  of  the  forced  and  periodic  breakdown 
of  a  confined  vortex  bv  another  vertex  rotating  in  the  opposite  direction 
are  presented.  The  vortex  tube  consists  of  two  chambers  connected  by  a 
short  conduit  through  streamlined  transitions.  The  upstream  end  is 
closed  by  a  plain  wall  and  a  circular  orifice  is  provided  at  the  down¬ 
stream  end.  The  swirlinq  flow  and  the  breaker- vortex  are  generated  by 
introducing  varying  proportions  of  air  or  water  through  tangential  ports 
located  near  the  upstream  and  downstream  walls  of  the  unit.  The  cases 
of  single-breakdown  and  peri odi c-breakdown  are  explored  and  typical  data 
are  presented  for  each  case. 

Possible  applications  of  the  device  are  several  — swi tch i ng  ,  binary 
crating,  pressure  modulation,  and  speed  governing.  The  key  to  the  de¬ 
vice's  versatility  lies  in  its  ability  to  produce  a  sharp  and  strong 
signal  at  the  time  of  vortex  breakdown.  When  a  counter  jet  is  applied 
or  when  the  device  is  rotated,  and  the  circulation  created  by  the  jet  or 
the  rotation  reaches  the  critical  value  required,  the  flow  through  the 
orifice  switches  from  the  subcritical,  hollow-cone  regime  to  supercriti¬ 
cal  power-jet  regime  and  as  such  the  device  works  as  a  reed  switch  or 
signal  generator  for  a  speed  governor  system.  The  output  remains  locked 
in  position  until  the  intensity  of  the  counter  jet  or  the  rate  of  rota¬ 
tion  is  decreased.  When  the  downstream  tangential  port  is  connected  to 
a  Helmholtz  resonator  a  periodic  vortex  breakdown  is  achieved  and  in 
this  case  the  device  works  as  a  binary  counter  or  pressure  modulator. 

The  frequency  of  oscillation  is  determined  by  the  inertance  of  the  feed¬ 
back  path  and  the  capacitance  of  the  resonator  syc'.m. 


INTRODUCTION 


The  vortex  breakdown  phenomenon,  an  abrupt  change  of  flow  structure 
at  somf  position  along  the  axis  of  a  longitudinal  vortex,  and  the  peri¬ 
odic  oscillations  associated  with  it  have  been  observed  both  in  separat¬ 
ed  flow  above  sweptback  lifting  surfaces  and  in  confined  swirling  flows 
in  "vortex  whistles"!  and  cyclone  separators. 2  The  present  interest  in 
the  development  of  nuclear  rocket  propulsion  using  gaseous-core  nuclear 
reactors3,  electrical  power  generation  using  magnetohydrodynamic 


effects^,  vortex -va 1 ves^ ,  and  pure  fluid  pressure  modulators  for  pneu¬ 
matic-amplifier  systems^  have  provided  an  added  incentive  for  research 
on  confined  steady  vortex  flows  in  general  and  on  swirling  flows  with 
temporal  and/or  spatial  periodicity  in  particular. 

Although  the  theoretical  understardi ng  of  the  vortex  breakdown  phe¬ 
nomenon  is  still  lacking,  an  increasing  number  of  exoerimental  observa¬ 
tions  of  isolated  studies  are  being  reported  in  the  literature.  Vonnequtl 
was  probably  the  first  to  describe  this  phenomenon.  He  constructed  sim¬ 
ple  whistles  that  produced  sound  "by  the  escape  of  a  vortex  from  the  open 
end  of  a  tube."  He  found  that  the  frequency  of  the  sound  depended  al¬ 
most  linearly  on  the  rate  of  flow.  Subsequently,  studies  were  reported 
by  Suzuki?,  Smith8,  Lambourne  and  Bryer^,  HarveylO,  Chanaudll,  and  Gore 
and  RanzlZ.  Theoretical  studies,  based  essentially  on  small  perturba¬ 
tion  analysis  of  the  inviscid  equations  of  motion,  were  carried  out  by 
Michelson^,  Squire^,  Howard  and  Gupta^,  and  Gzrtshore^.  These  anal¬ 
yses  suggested  that  the  vortex  breakdown  may  be  caused  by  spatial  ampli¬ 
fication  of  small  disturbances  and  that  it  is  a  gradual  rather  than  an 
abrupt  change  in  the  flow  structure.  Benjamin!?.  18,  departing  radically 
from  previous  theories,  considered  the  breakdown  to  be  an  abrupt  and  uni¬ 
directional  transition  of  finite  magnitude  between  two  dynamically  con¬ 
jugate  states  of  flow  and  thus  analogous  to  the  hydraulic  jump  in  open- 
channel  flow.  Although  Harvey'slO  observations  of  flow  reversal  on  the 
tube  axis  indicate  the  inception  of  a  critical  phenomenon  and  thus  lend 
some  experimental  support  to  Beniamin'sl?  analysis,  the  recent  and  rath¬ 
er  comprehensive  work  of  Chanaudll  on  temporally  periodic  motion  in  a 
vortex  whistle  and  cyclone  separator  suggests  that  both  the  flow  rever¬ 
sal  and  the  amplification  of  small  disturbances  contribute  to  the  hydro- 
dynamic  instability  of  confined  swirling  flows.  This  suggestion  is,  as 
pointed  out  by  Chanaudll,  in  conformity  with  that  made  earlier  by 
Gartshorelk  on  theoretical  grounds. 

In  the  present  study  the  vortex  breakdown,  solitary  or  periodic, 
is  initiated  and  controlled  by  another  vortex  rotatinq  in  the  opposite 
direction.  It  is  hoped  that  the  information  obtained  from  the  con¬ 
trolled  or  forced-breakdown,  as  opposed  to  natural -breakdown ,  of  the 
swirling  flows  will  shed  further  light  on  this  complex,  time-dependent, 
three-dimensional  phenomenon. 


EXPERIMENTAL  ARRANGEMENT 


A  schematic  diagram  of  the  confined  swirling  flow  apparatus  is 
shown  in  Fig.  1.  Units  of  various  sizes  were  built  of  plexiglass  and 
carefully  polished  inside  and  out.  The  upstream  end  of  the  unit  was 
closed  by  a  plane  wall  and  a  hypodermic  needle  was  attached  at  the  cen¬ 
ter  for  the  purpose  of  introducing  a  dye  filament  or  dense  smoke.  A 
circular,  sharp-edged  orifice  was  provided  at  the  center  of  the  down¬ 
stream  wall.  The  swirling  flow  and  the  breaker-vortex  were  generated 
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by  introducing  varying  proportions  of  air  or  water  through  tangential 
ports  located  near  the  upstream  and  downstream  walls  of  the  unit. 

The  system,  as  described  so  far,  was  sufficient  for  the  exploration 
of  the  first  phase  of  the  study,  namely  the  forced  vortex  breakdown. 

The  surge-chamber  shown  in  Fig.  1  was  incorporated  into  the  system  only 
during  the  study  of  the  periodic  vortex  breakdown.  It  consisted  of  a 
fluid  inductance  (long,  low  resistance  path)  in  series  with  a  fluid  ca¬ 
pacitance  (volume),  capable  of  holding  varying  amounts  of  air.  Such  a 
chamber  is  referred  to  ordinarily  as  a  Helmholtz  resonator. 

The  flow  rates  were  determined  by  means  of  calibrated  rotameters. 
The  pressures  on  the  wall  of  the  upstream  and  downstream  chambers  and 
in  the  resonator  were  measured  by  pressure  transducers  and  recorded 
simultaneously  by  means  of  an  ampl i f ier-recorder  assembly. 


Experimental  Procedure  and  Observations 


The  first  case  explored  in  the  experimental  study  was  that  of  the 
"forced  vortex  breakdown".  For  this  purpose  the  downstream  port  was 
connected  directly  to  the  rotameter,  i.e.  the  surge-chamber  was  taken 
out  of  the  system.  In  order  to  create  a  swirling  flow  the  upstream  jet 
was  turned  on  and  the  downstream  inlet  was  kept  closed.  When  a  very 
small  swirl  was  produced,  its  existence  could  be  detected  easily  by  means 
of  the  dye  filament  introduced  through  the  hypodermic  needle.  For  very 
small  Reynolds  numbers*  (Re  %  400),  the  dye  filament  proceeded  downstream 
along  the  axis  of  the  unit  in  the  form  of  a  spiraling  sheet  as  shown  in 
Figs.  2a  and  2b.  As  the  intensity  of  the  swirl  was  increased,  a  tiny 
air  core  formed  at  the  orifice  and  the  end  of  the  air  core  darted  irreg¬ 
ularly  short  distances  back  and  forth.  The  emergent  jet  diverged  in  the 
fO’TTi  of  a  smooth  hollow  cone  (angle  of  divergence  =  82  deg.).  With  a 
further  increase  of  the  swirl,  the  end  of  the  air  core  moved  upstream 
and  attached  to  the  center  of  the  upstream  wall.  The  air  core  did  not 
remain  in  the  form  of  a  long  smooth  tube  coincident  with  t  e  axis  of  the 
vortex  tube,  but  developed  spiraling  standing  waves.  These  waves  and 
the  shape  of  the  emerging  hollow  jet  may  be  seen  in  Fig.  3. 

Following  the  establishment  of  a  swirling  flow,  the  downstream  jet 
was  turned  on  slightly  and  the  upstream  and  downstream  wall  pressures 
and  the  flow  rate  were  recorded.  The  downstream  pressure  decreased  slow¬ 
ly  but  the  upstream  pressure  remained  nearly  constant.  The  dye  intro¬ 
duced  into  the  downstream  supply  line  was  captured  by  the  main  swirling 
f  ow  as  depicted  schematically  in  Fig.  4a.  As  the  velocity  of  the  down¬ 
stream  jet  was  increased  in  small  steps,  the  intensity  of  the  swirl  in 


^Reynolds  number  is  based  on  the  diameter  of  the  connecting  tube 
and  the  average  axial  velocity. 


FIG.  4  EVOLUTION  OF  THE  DOWNSTREAM  VORTEX  PRECEDINC 

VORTEX  BREAKDOWN 
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the  downstream  chamber  decreased  and  the  dye  filament  reached  the  air 
core  more  quickly  and  alonq  a  line  closer  to  the  radial  line  joininq 
the  axis  of  the  unit  and  the  downstream  inlet  port  as  shown  in  Fig.  4b. 
With  a  further  sliqht  increase  in  downstream  jet  velocity,  the  flow  pat¬ 
tern  in  the  downstream  chamber  changed  abruptly.  This  chanae,  aside 
from  momentarily  producing  a  sharp  noise,  eliminated  the  air  core  and 
the  hollow  cone,  sharply  lowered  the  wall  oressure  in  the  downstream 
chamber  to  a  minimum,  and  rendered  the  emergent  jet  fully  turbulent 
(see  Figs.  4  and  5).  Despite  this  abrupt  and  rather  drastic  change  the 
upstream  wall  pressure  remained  nearly  constant.  Further  increase  of 
the  downstream  jet  velocity  increased  the  downstream  wall  pressure  and 
created  a  vortex  in  the  downstream  chamber  whose  rotation  was  in  the  op¬ 
posite  direction  to  that  of  the  upstream  vortex.  When  the  downstream 
wall  pressure  was  made  identical  to  that  which  prevailed  at  the  start 
of  motion  (downstream  jet  closed),  by  increasing  the  intensity  of  the 
counter  vortex,  neither  the  upstream  pressure  nor  the  turbulent  jet 
showed  any  observable  changes.  In  short,  a  new  flow  condition  has  been 
established  which  was  identical,  as  far  as  the  two  wall  pressures  were 
concerned,  with  that  obtained  originally  by  the  main  swirling  flow,  but 
drastically  different  f-om  the  original  state  as  far  as  the  emergent 
jets  and  flows  in  the  downstream  chamber  were  concerned. 

The  second  case  explored  was  that  of  the  "periodic  vortex  break¬ 
down".  For  this  purpose  the  downstream  port  was  connected  to  the  out¬ 
let  of  the  Helmholtz  resonator  and  the  valves  on  top  of  the  air  chamber 
and  on  the  inlet  line  of  the  resonator  were  closed.  Once  again  a  swirl 
was  created  in  the  vortex  tube  and  an  emergent  hollow  jet  was  estab¬ 
lished.  During  this  time  the  wate1  coming  from  the  downstream  port 
partly  filled  the  resonator  and  reached  a  constant  level. 

Following  the  establishment  of  a  steady-state,  the  flow  into  the 
resonator  was  turned  on  and  increased  in  small  increments.  The  incom¬ 
ing  flow  increased  the  pressure  in  the  air  chamber  and  forced  the  down¬ 
stream  jet  to  inject  a  weak  current  into  the  downstream  chamber.  This 
current  was  carried  to  the  exhaust  hole  with  a  spiraling  motion.  As  the 
valve  leading  to  the  resonator  was  opened  gradually,  the  secondary  cur¬ 
rent  joined  the  orifice  in  a  more  nearly  radial  direction  and  at  a  crit¬ 
ical  state,  stopped  abruptly  the  vortex  motion  in  the  downstream  chamber. 
The  events  following  this  abrupt  change  were  similar  to  those  described 
previously  in  connection  with  the  single-breakdown.  The  sudden  and  sig- 
n.ficant  drop  in  pressure  in  the  downstream  chamber  increased  the  pres¬ 
sure  gradient  between  the  resonator  and  the  downstream  port.  Conse¬ 
quently,  the  velocity  of  the  downstream  jet  and  hence  the  intensity  of 
the  counter-vortex  in  the  downstream  chamber  increased  rapidly.  This 
in  turn  decreased  both  the  discharge  coefficient  of  the  orifice  and  the 
pressure  in  the  air  chamber.  It  is  significant  to  note  that  during  these 
and  subsequent  changes,  the  pressure  and  the  flow  rate  at  the  upstream 
cnamber  and  the  flow  into  the  surge  tank  remained  nearly  constant*.  The 


*The  change  in  was  approximately  2%.  The  change  in  the  flow  rate 
into  the  resonator  was  approximately  ?%. 


gradual  increase  of  the  downstream  pressure  and  the  decrease  of  pressure 
l n  the  air  charter  reduced  the  velocity  of  the  downstream  jet.  Wnen  a 
critical  state  was  reached,  the  flow  in  the  vortex  tube  charged  abruptly 
to  its  initial  form.  The  sense  of  rotation  of  flow  in  t^e  downstream 
chamber  became  identical  with  that  of  the  original  swirling  flow.  Tms 
ircreased  the  stagnation  pressure  at  the  downstream  port  abovn  the  pres¬ 
sure  in  the  air  chamber  and  developed  a  reverse  flow  in  the  tube  con¬ 
necting  the  vortex  tube  to  the  resonator.  The  reverse  flc.v  as  well  as 
the  flow  entering  t fie  resonator  at  a  constant  rate  from  its  upstream  ir- 
let  increased  the  pressure-  in  the  air  chamber.  When  a  critical  maximum 
pressure  was  reached,  the  fluid  rushed  from  the  surge  tark  to  the  down¬ 
stream  port  throuqh  the  connecting  tut e  an  1  once  again  charged  the  flow 
and  pressure  in  the  downstream  chamber  of  t*  c  vortex  tube.  This  action 
completed  the  end  of  a  cycle  of  the  oeriodic  oscillation.  To  change  t fie 
frequency  of  this  oscillation,  everything  was  kept  constant  except  that 
some  air  was  let  out  of  t fie  air  chamber  through  the  valve  previously 
provided.  With  this,  oscillatory  notion  automatically  resumed  and  con¬ 
tinued  with  clock-like  regularity  (see  Fig.  6).  To  decrease  the  fre¬ 
quency,  an  inverse  procedure  was  followed,  i.e.  some  compressed  air  was 
introduced  into  the  air  chamber. 

The  experiments  described  above  were  repeated  with  air  as  the  work¬ 
ing  fluid.  It  suffices  to  note  that  everything  was  kept  the  same  except 
that  the  inlet  and  outlet  near  the  top  of  the  resonator  were  used  for 
obvious  reasons  and  that  the  frequency  was  changed  by  admitting  or  re¬ 
moving  some  water  into  or  out  of  the  resonator  throuqh  the  valve  at  the 
bottom  of  it.  Once  again  an  oscillation  of  constant  frequency  was  ob¬ 
tained. 


DISCUSSION  OF  RESULTS 


a.  Forced  Vortex  Breakdown 


The  experimental  data  obtained  throuqh  the  procedure  described  pre¬ 
viously  was  plotted  in  various  dimensionless  forms.  In  the  following, 
the  relationships  between  the  pressure,  flow  rate,  and  the  discharge  co¬ 
efficient  of  a  typical  vortex-tube  are  discussed*. 

Figure  7  shows,  as  an  example,  the  normalized  downstream  wall  pres¬ 
sure  P  as  a  function  of  the  normalized  downstream  flow  rate  It  is 
observed  that  as  Q  increases,  P  decreases  slowly  at  first  and  then  a- 
bruptly  when  the  vortex  in  the  downstream  chamber  breaks  down  and  the 


*The  characteristics  of  various  other  vortex-tubes  are  discussed  in 
an  internal  report  presented  to  Harry  Diamond  Laboratories ,  Report  No. 

2,  July,  1964. 
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FIG.  6a  VARIATION  OF  THE  DOWNSTREAM  WALL  PRESSURE  IN 
THE  CASE  OF  SINGLE  VORTEX-BREAKDOWN 
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FIG.  6b  VARIATION  OF  THE  DOWNSTREAM  WALL  PRESSURE  IN 
THE  CASE  OF  PERIODIC  VORTEX-BREAKDOWN 


emergent  jet  becomes  turbulent.  For  values  of  Q  between  0.16  and  0.4,  P 
remains  fairly  constant.  This  range  of  0  values  corresponds  to  a  special 
state  of  flow  in  the  downstream  chamber.  The  observations  of  the  dyed 
jet  have  showi  that  following  the  breakdown  of  the  vortex  motion  in  the 
downstream  chcmber  the  flow  is  essentially  axial  with  a  radial  component 
superimposed  on  it.  For  larger  values  of  Q,  the  intensity  of  the  coun¬ 
ter  vortex  increases  and  as  will  be  noted  later  the  discharge  coefficient 
decreases.  Conseguently ,  the  pressure  in  the  downstream  chamber  in¬ 
creases  with  increasing  values  of  (J. 

Figure  8  shows,  for  the  same  vortex  tube,  the  discharge  coefficient 
as  a  function  of  P\  It  is  noted  that  at  the  start  of  motion,  i.e.  for 
=  0,  the  flow  is  throttled  and  the  discharge  coefficient  is  at  its  min¬ 
imum.  As  0  increases,  the  intensity  of  the  swirl  in  the  downstream  cham¬ 
ber  decreases.  This  in  turn  increases  the  discharge  coefficient  quite 
rapidly.  Near  the  point  of  vortex  breakdown,  Cq  reaches  its  maximum  val¬ 
ue*.  Following  the  vortex  breakdown  and  for  a  small  range  of  P  values, 

Cq  remains  fairly  large.  Subseauentl y ,  as  the  intensity  of  the  counter 
vortex  increases,  the  discharge  coefficient  decreases  gradually  toward 
its  initial  value.  It  is  noted  that  for  P  <  n.?5,  Cq  is  a  double  valued 
function  of  P.  The  upper  branch  of  the  Cq — P  curve  corresponds  to  the 
state  of  the  turbulent  jet  and  the  lower  branch  to  the  state  of  the  lam¬ 
inar  jet.  Furthermore ,  it  is  noted  that,  within  the_range_of  Reynolds 
numbers  encountered  in  the  tests,  neither  Cn  versus  P  nor  P  versus  0 
show  any  dependency  on  the  Reynolds  number. 


b.  Periodic  Vortex  Breakdown 


A  series  of  tests  was  conducted  not  only  with  the  particular  vortex 
tube  discussed  herein  but  also  with  fifteen  other  vortex  tubes  of  various 
sizes  and  characteristic  length  ratios  using  the  procedure  described  pre¬ 
viously.  It  was  firmly  established  that  for  a  given  vortex  tube,  only 
the  tnique  combinations  of  pressures  at  the  two  vortex  chambers  produce 
periodic  oscillations  of  constant  amplitude;  the  amplitude  of  the  pres¬ 
sure  oscillations  in  the  upstream  chamber  is  insignificantly  snail  fa- 
bout  3X)  ;  the  amplitude  of  the  pressure  oscillations  in  the  downstream 
chamber  is  large  in  magnitude  and  i rdependent  of  the  frequency  of  oscil¬ 
lation;  the  frequency  of  oscillation  for  each  vortex  tube  depends  on  the 
inertance  and  capacitance  characteristics  of  the  unit  and  of  the  exter¬ 
nal  conduit-resonator  system;  and  that  no  oscillatory  motion  can  be  ob¬ 
tained  in  a  rigid  system  with  an  incompressible  fluid,  i.e.  the  vortex 
tube  requires  a  capacitance  provided  either  by  the  compressibility  of 
the  fluid  in  the  flow  system  or  by  the  distensibility  of  the  conduit 
walls. 


*This  maximum  is  nearly  equal  to  the  theoretically  predicted  dis¬ 
charge  coefficient  for  this  orifice,  i.e,  =  0.62. 
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FIG.  8  VARIATION  OF  THE  DISCHARGE  COEFFICIENT  WITH  NORMALIZED 

DOWNSTREAM  PPESS"PE 


Figures  9  and  10  snow  in  dimensional  form  the  relationship  between 
Pi,  P2m  and  0P2  and  P]  .  Each  data  point  in  these  figures  was  checked 
with  all  possible  frequencies  of  oscillation  by  varying  the  air  volume 
in  the  resonator.  It  is  apparent  that  for  a  given  vortex  tube  a  linear 
relationship  exists  between  r'  ind  P?^  and  Pi  and  the  amplitude  of  the 
pressure  oscillations  in  the  .^wnst^eam  chamfer. 

In  order  to  determine  the  relationship  between  the  single  and  peri¬ 
odic  vortex  breakdown,  the  slopes  of  the  two  curves  shown  ir  Figs.  9  and 
10  were  calculated  and  marked  on  Fig.  7.  It  is  clear  ‘hat  the  normalized 
median  pressure  corresponds  to  the  pressure  at  the  inception  of  the  sin¬ 
gle  vortex  breakdown,  the  maximum  of  the  oscillatirg  pressure  corresponds 
to  the  pressure  at  0  =  0,  and  the  minimum  of  the  oscillating  pressure  cor¬ 
responds  to  the  pressure  at  the  completion  of  the  breakdown,  i.e.  when 
the  hollow  laminar  jet  becomes  turbulent.  It  may,  therefore,  be  conclud¬ 
ed  that  the  amplitude  of  the  oscillations  as  well  as  the  normalized  me¬ 
dian  pressure  may  be  predicted  from  the  relationships  obta i ned  for.  the 
case  of  single  vorttx  breakdown . 

A  close  examination  of  the  data  obtained  for  all  vortex  tubes  used 
in  the  experiment  has  shown  that  for  a  given  unit  larger  orifices  re¬ 
quire  a  smaller  pressure  P2m  or,  in  other  words,  a  smaller  Ppm/Pj  ratio 
to  produce  oscillations.  The  diameter  of  the  upstream  or  downstream 
chamber  does  not  seem  to  affect  either  the  PJ  versus  P2m  or  Pj  versus 
AP2  relationships.  On  the  other  hand,  the  length  of  the  connecting  tube 
between  the  upstream  and  downstrean  chamber  materially  affects  the  ver¬ 
tex  motion  and  hence  the  relationships  between  the  pressures  and  pressure 
fluctuations . 


c.  Frequency  of  Oscillations 


It  has  been  pointed  out  previously  that  a  vortex  tube  requires  ei¬ 
ther  a  compressible  fluid  and/or  an  elastic  system  to  produce  an  oscil¬ 
latory  motion.  A  critical  analysis  of  the  variables  involved  in  the 
phenomenon  shows  that  if  the  viscous  effects  are  ignored  and  the  total 
temperature  T  is  kept  constant  then  the  frequency  is  determined  by 
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where  C  and  I  represent  the  capacitance  and  inertance  of  the  elastic  sys¬ 
tem  and  are  given  by* 


*The  summation  in  I  includes  the  discrete  elements  comprised  of  the 
tangential  port,  connecting  tube,  and  the  portion  of  the  resonator  which 
contains  the  working  fluid.  The  summation  in  C  includes  only  those  ele¬ 
ments  which  contain  air. 


FIG.  9  VARIATION  OF  THE  MEDIAN  OF  THE  DOWNSTREAM  PRESSURE  WITH 
UPSTREAM  PRESSURE,  (PERIODIC  VORTEX-BREAKDOWN) 
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FIG.  10  VARIATION  OF  THE  DOWNSTREAM  PRESSURE  FLUCTUATION  WITH  UPSTREAM 

PRESSURE.  (SEE  ALSO  FIG.  6B) 
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In  the  experiments  described  herein  the  working  fluid,  the  length  and 
cross-sectional  area  of  the  conduit  between  the  unit  and  the  resonator, 
the  volume  of  air  in  the  resonator,  and  the  upstream  pressure  were  var¬ 
ied  and  the  freguency  of  oscillation  was  determined  rr om  the  oscillo¬ 
graph  records,  figure  11  shows  the  variation  of  the  measured  freguency 
as  a  function  of  the  theoretically  calculated  frequency.  The  correlation 
of  the  two  frequencies  is  good  but  the  theoretical  frequencies  are  about 
3  times  larger  than  the  measured  frequencies.  This  is  not  entirely  un¬ 
expected  in  view  of  the  fact  that  the  contribution  of  the  mass  of  fluid 
within  the  unit  and  the  viscous  and  form  resistances  were  completely 
ignored.  It  is  apparent  that  the  inclusion  of  these  terms  will  be  equiv¬ 
alent  to  increasing  the  effective  length  of  the  tube  between  the  unit 
and  the  resonator  and  will  yield  theoretical  frequencies  Moser  to  those 
observed  experimentally.  The  reason  the  aforementioned  corrections  wore 
not  incorporated  into  the  analysis  is  because  the  energy  lossencan  at 
best  be  predicted  only  approximately.  It  was,  therefore,  preferred  to 
present  the  analysis  as  given  above  instead  of  reducing  it  to  the  predic¬ 
tion  of  the  effective  conduit  lengths. 


d.  Experiments  Concerning  the  Applications  of  the  Device 


A  series  of  experiments  were  conducted  with  the  unit  described  here¬ 
in  to  explore  the  potential  applications  of  the  device.  These  experi¬ 
ments  consisted  of  (a)  single  and  periodic  switching  of  a  biased  ampli¬ 
fier,  and  (b)  sensing  the  change  in  the  rate  of  rotation  of  a  shaft. 

In  order  to  switch  a  biased  amplifier,  the  control  port  at  the  side 
of  the  initial  jet  attachment  was  connected  to  the  collector  placed  in 
front  of  the  orifice  as  shown  in  Fig.  12.  The  Helmholtz  resonator  was 
taken  out  of  the  system  and  the  counter-vortex  flow  Qp  was  increased 
gradually.  When  Q  reached  the  critical  value  of  0.16,  the  jet  emerging 
from  the  orifice  abruptly  became  a  fully  developed  turbulent  jet  and 
flowed  directly  into  the  collector.  The  resulting  control  flow  switched 
the  power  jet  in  the  amplifier  and  kept  it  locked  in  its  new  position. 
When  Qp  was  reduced  slowly  and  (J  reached  once  again  the  critical  value 
of  0.16,  the  turbulent  jet  abruptly  changed  to  laminar  hollow-cone  regime 
and  at  the  same  time  the  power  jet  in  the  amplifier  switched  back  to  its 
original  position. 


*62 


Upon  the  completion  of  experiments  with  single  switching,  the  reso¬ 
nator  was  put  back  in  the  system  and  a  periodic  vortex-breakdown  with 
desired  freguency  was  established.  When  the  collector  was  once  again 
placed  in  front  of  the  orifice,  the  power  jet  in  the  amplifier  switched 
back  and  forth  with  the  set  frequency.  This  experiment  established  the 
potential  use  of  the  device  as  a  binary  counter. 

In  order  to  explore  tne  ability  of  '.he  device  to  secure  a  change  in 
the  rate  of  rotation  of  a  shaft,  the  device  was  connected  to  the  shaft 
of  a  variable  speed  motor.  The  flow  rates  Qj  and  Q?  were  adjusted  so 
that  0  was  slightly  under  0.16.  Then  the  tube  was  rotated  in  the  direc¬ 
tion  of  the  downstream  tangential  jet.  This  rotation  increased  the  cir¬ 
culation  of  the  counter  vortex  in  the  downstream  chamber  and  decreased 
the  circulation  of  the  vortex  in  the  upstream  chamber.  When  the  rate  of 
rotation  of  the  shaft  reached  a  critical  value>the  jet  emerging  from  the 
orifice  abruptly  became  a  straight  turbulent  jet  and  flowed  into  the  col 
lector  and  switched  the  power  jet  in  the  amplifier.  When  the  speed  of 
the  motor  was  slowly  reduced  4%  below  its  existing  value,  the  signal  in¬ 
to  the  collector  abruptly  stopped  and  the  power  jet  in  the  amplifier  re¬ 
turned  to  its  original  state.  This  phase  of  the  investigation  was  found 
to  be  extremely  encouraging  and  the  research  is  being  continued  with  in¬ 
creased  intensity  to  establish  the  design  characteri sti cs  of  a  rate  sens 
ing  vortex  tube  for  the  purpose  of  angular  speed  control. 
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CONCLUSIONS 


The  experiments  described  herein  have  shown  that  tne  swirling  fluid 
motion  in  an  axially  symmetrical  tube  comprised  of  two  chambers  and  a 
connecting  tube  may  be  subjected  to  an  abrupt  channe  ty  another  vorte\ 
rotating  in  the  opposite  direction.  This  change  produces  a  large  pres¬ 
sure  drop  in  the  zone  of  vortex  breakdown.  For  a  given  set  of  upstream 
jnd  downstream  wall  pressures  there  are  two  different  states  of  flow 
through  the  vortex  tube.  The  location  of  the  breakdown  is  determined 
b>  the  conditions  prevailing  in  the  downstream  section  of  the  tube,  in 
the  same  way  that  location  of  a  hydraulic  jump  on  a  supercritical  stream 
in  an  open  channel  is  determined  by  the  backwater  conditions.  Moreover, 
just  as  some  sort  of  obstruction  in  the  channel  is  necessary  to  precipi¬ 
tate  a  hydraulic  jump  on  a  superc r 1 1  i  ca 1  stream,  the  vortex  breakdown 
requires  one  or  more  trigqerinq  aqencies  such  as  the  counter  vortex  mo¬ 
tion  and/cr  the  adverse  pressure  gradient  created  by  the  divergence  of 
the  connecting  tube  into  the  downstream  chamber.  Coupled  with  a  Helmholtz 
resonator,  the  vortex  tube  worts  like  a  hydrodynamic  oscillator.  The 
energy  of  the  oscillator  is  derived  from  the  hydrodynamic  instability  of 
the  fluid  within  a  reversed-f low  region  in  the  downstream  chamber. 

Preliminary  investigations  show  that  the  vortex-breakdown  phenomenon 
will  be  of  significant  value  in  the  development  of  pressure  modulators 
and  angular  rate  sensing  pneumatic  devices. 
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NOMENCLATl PE 


A  cross  sectional  area  of  tne  tube  between  the  unit  and  tbe  resonator 
1 

a  lenqth  of  the  vortex  chambers 
C  capacitance 

c*  velocity  of  sound 

C  discharqe  coefficient,  0  /tdj/A  ?  P  /p  (for  water),  and 

q  Tc/?mrv 

v*vd.?/«y^vr.  (f°r  a,r) 

D  diameter  of  vortex  chamber 

d  diameter  of  the  connecting  tube,  (see  Fiq.  1) 


diameter  of  targential  jets 

orifice  diameter 

frequency  of  oscillation 
i nertance 
summation  index 

total  lenqth  of  the  vortex-tube  (s^e  Fig,  1) 
length  of  the  tube  between  the  unit  and  the  resonator 

length  of  the  connecting  tube  (see  Fig,  1) 

=  P2/P  ,  (psig/psiq) 

upstream  wall  pressure 

downstream  wall  pressure 

median  of  downstream  wall  pressure 

amplitude  tf  downstream  wall  pressure 

=  Q^/Qj,  (cfs/cfs  for  water)  and  ( 1  b/sec/1 b/sec  for  air) 

upstream  port  flow  rate,  (cfs  for  water  and  Ib/sec  for  air) 

downstream  port  flow  rate,  (cfs  for  water  and  lb/sec  for  air) 

=  Q  +  Q 
1  2 

Reynolds  number,  pV  d  /u 

1  c 

average  axial  velocity  in  the  connecting  tube 
air  flow  rate  (Ib/sec) 
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expansion  factor 
specific  weight  of  air 

dynamic  viscosity  of  fluid 
density  of  air 

density  of  water 

density  of  fluid  in  the  tube  between  the  unit  and  the  resonator 
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ABSTRACT 


The  chamber  was  forced  by  two  11. 72- inch-d laceter  disks  spaced  ..25 
Inches  apart.  A  high  svlri  was  imparted  to  the  fluid  (air)  as  it  entered 
the  chamber  through  4*  tangentia.ly  alined  vanes.  A  2- 1 nch-d iameter  tube 
at  the  center  l"  one  disk  served  as  the  exhaust  port.  Static  pressure 
and  the  profiles  of  the  radial  and  tangential  velocity  components  were 
measured  at  e  radia.  stations.  A.l  the  radial  inf.ov  took  place  close  to 
the  disk  surfaces,  while  a  slow  outward  *1  v  existed  in  midchannel.  The 
tangential  velocities  were  used  to  preiic'.  the  static  pressures  which 
agreed  well  with  tne  measured  values. 

INTRODUCTION 

With  the  advent  of  the  nuclear  cavity  reactor  concept  in  1J57  an  1  105'* 
there  developed  a  wide-spread  interest  in  the  further  possible  applications 
of  vortex  fluid  motion  in  magnetohydrodynamic  ( MHD)  generators  and  fluid 
amplification  devices.  Many  studies,  both  analytical  and  experimental, 
have  been  conducted  into  the  fluid  dynamical  characteristics  (such  as  the 
velocity  components  and  pressure  profiles)  of  vortex  motions  that  were  gen¬ 
erated  inside  cylindrical  chambers.  M  st  of  these  investigations  were 
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This  work  is  a  condensed  version  of  an  NAJA  TN  now  in  preparation. 


undertaken  primarily  because  the  nature  of  confined  vo: *ex  notion  .rt.de 
stationary  containers  was  poorly  understood,  an .  *r  s  r.oersta:  v  es¬ 
sential  to  the  development  of  any  device  that  ut zee  ‘  :.e  vor*  i.o-. 

The  study  ve  are  reporting  here  •-as  among  these  many  Ir.ve  gttior.s, 

In  cost  applications  that  employ  vertex  motion,  the  fluid  is  injected 
tangentially  at  one  or  more  ports  on  the  cylindrical  surface  and  exhausted 
though  a  hole  in  the  center  of  or.e  or  both  of  the  circular  end  va-.s. 

These  end  vails  are  usually  stationary  and  are  now  kn  -r.  ro  e/er:  a  rrea* 
influence  on  the  motion.  Heretofore,  the  nature  and  exte:/  f  *  t  in¬ 
fluence  was  unknown  and  was  the  subject  of  investigation. 

Until  recent  years  no  literature  was  available  that  reported  v:.at  ♦  r.e 


influence  o 1  the  end  vails  vould  be  on  a  confined  vortex.  Some  results 


were  reported  by  Keisall  ref .  »J,  In  which  he  made  measurements  of  tne 
radial,  tangential,  and  axial  velocity  components  inside  a  hydrocyc 1  one 
separator.  His  experiments  revealed  the  existence  of  large  secondary  mo¬ 
tions  with  most  of  the  mass  movement  occurring  close  to  all  ^ails  where 
the  centrifugal  force  was  lowest.  Interestingly  enough,  the  .oci  f  con¬ 
stant  tangential  velocities  were  concentric  cylinders  everywhere  except 
very  close  to  th^  walls.  Thus,  Kelsal  1 '  s  work  pointed  out  the  importance 
cf  stationary  surfaces  .m  the  motion  of  confined  vortices. 

Williamson  and  McCune  ref.  2)  and  :  naldsor.  ref.  3)  conducted  ex¬ 
periments,  in  the  same  apparatus,  on  short  cylinders  0.13'  <  L/L  <  0.2- 
In  both  references  are  reported  axial  traverses  of  the  tota.  pressure  only 
and  radial  distributions  of  the  tangential  ve  oclty  caic.  ated  from  these 
measurements.  The  latter  data  in  reference  (an:  pre sural ly  in  ref.  ' 
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also)  was  evaluate!  by  differentiating  the  measured  s  tat i l  vail  pressure 
ar d  equating  this  radla.  pressure  gradient  t j  the  centrifugal  force.  The 
total  pressure  profiles  in  both  references  were  quite  uniform  except  :  r  ° 
alight  depression  in  the  region  far  from  the  end  vails. 

Pagsda.e  'refs.  4  on:  c )  made  measurements  vi  th  a  pitot  tube  ir.  a 

vortex  '’l  ver  (length  *o  diameter  ratio  =  0. 1 )  at  two  radial  stations  ar. i 

several  axial  stations  arid  ’.educed  in  reference  5  that  the  motion  was  es¬ 

sentially  tangen* ia.  with  very  little  axial  variation  in  the  magnitude, 
adial  distributions  f  the  static  pressure  were  also  determined. 

Beverloo,  et  al.  ref.  6)  cade  radial  traverses  of  the  total  pressures 
wny  with  a  pitot  tube  a*  three  axial  stations  and  two  angular  stations 
downstream  from  the  single  injection  slot  in  short  vortex  chambers  for  a 
variety  of  injection  port  and  outlet  sizes  and  length  to  diameter  ratios 
L/D.  Their  measurements  resulted  In  the  radial  distributions  of  the  tan¬ 
gential  velocities  only. 

The  most  revealing  experiments  on  the  distribution  of  velocities  in¬ 
side  vortices  have  been  reported  by  Kendall  ref.  7)  and  Donaldson  and 
Williamson  (ref.  b).  Kendall  experimented  with  a  vortex  that  was  generated 
inside  a  rotating  porous  cylinder  that  imparted  a  swirl  to  the  fluid  as  it 
passed  through  the  cvlinier  into  the  cavity.  The  chamber  was  G  inches  in 
both  length  and  diameter.  The  end  containing  the  exit  was  fixed  to  the 
porous  cylinder  and  rotated  with  it,  while  the  other  end  was  fixed. 

Kendall  used  u  flattened  p  tot  tube  (which  is  not  normally  used  for 
direction  measurements  because  it  ir  not  sensitive  to  yaw  angles  up  to  at 
least  ±5°)  to  traverse  the  boundary  layer  on  the  fixed  end  wall  for  both 
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the  total  pressure  and  th-  .  or  .  ..  r  1  j i ci  direction.  He  ass  ar.ed  t.nat  a*  a  dis¬ 
tance  iTr  from  tr.e  wail  tr.e  ra.ial  velocity  was  zero  and  the  mo*  .or  was  one 
I  p  -re  tangential  velocity.  ese  ,r- ar  •-  merits  resulted  .  r.  profiles  of 
toe  radial  and  rang*.  .a.  1  ty  components.  The  tang'-r.t ial  profile  was 

essentially  f.nt  with  a  ght  depression  outside  the  boundary  .ayer.  The 
r  -ial  comp  rent ,  >r  tr.‘  *  r.e :  loan:,  war  a  n&>. .  r  .r.  at  the  closest  measuring 
stati  r.  t  a .  »  a-  reased  mono*  .  ly  t  ;-ro  s  s i  de  t he  br  «n  iary 

layer.  Thus  r'>-r.da.  profil*  snowed  that  the  stationary  er.d  vsl.s  alter 
the  vortex  motion  cons  i  derat  .y  ax.d  pr  luce  a  f.  w  pattern  .  n  wr.  ich  a  sizar.' 
inflow  occurs  in  the  boundary  layer  a:,  ho-r.t  to  stationary  er.  i  wall. 

made  measurements  of 
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respectively.  The  fluid  air)  was  injected  through  a  rotating  porous  outer 
cylinder  and  removed  through  stationary  poro-s  inner  cylinder.  A  sensitive 
yaw  probe  consisting  of  two  beveled  tubes  was  first  used  to  map  the  local 
flow  directions.  Then  a  pitot  tube  was  Inserted  and  oriented  with  the 
local  streamlines  tc  measure  tne  local  velocity  magnitude.  A  not  wire  was 
employed  to  determine  tne  mean  and  fluctuating  tangential  velocities  on  the 
center  plane  between  both  end  wuTs.  Velocity  components  were  determined 
at  el  gbit  axial  positions  at  each  of  three  radial  stations  for  various  flow 
rates  and  turbulence  levels.  Because  of  tne  manner  in  which  the  yaw  probe 
was  constructed  ’ompiete  trazcrzes  fr  >m  one  end  wall  to  the  other  were  not 
possible.  The  resulting  profiles  revealed  the  radial  inflow  was  a  maximum 
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very  close  to  the  end  wall  and  a  minimum  Tan  from  the  end  walls. 


A  reversal 


of  flow  outside  the  end  wall  boundary  layer  region  was  indicated,  but  it 
was  assumed  to  be  due  to  measurement  difficulties  and  therefore  nonexistent. 
The  tangent.'*,  profiles  were  fairly  uniform  although  several  did  have  a 
slight  depression  in  the  center  region  of  the  profile.  These  results  showed 
that  the  velocity  distributions  in  a  short  vortex  chamber  are  quite  similar 
to  those  found  in  Kendall’s  where  the  length  to  diameter  ratio  was  unity. 

Tne  theoretical  work  on  confined  vortex  flows  in  the  presence  of  end 
walls  has  been  concerned  with  the  influence  exerted  by  the  end  wall  flow 
on  the  main  vortex  field  for  both  laminar  and  turbulent  conditions.  The 
approach  applied  is  the  momentum  integral  tecnnique  where  some  reasonable 
form  for  the  velocity  profiles  in  the  boundary  layer  and  the  wall  skin 
function  laws  are  assumed.  Mack  ref.  1  studied  the  laminar  boundary  layer 
on  a  finite  disk  in  a  rotating  flow  where  a  variety  of  rad'al  distributions 
of  tangential  velocity  in  the  freestream  were  specified.  He  found  that  a 
sizable  mass  flow  occurred  ir,  the  boundary  layer.  Rett  ref.  10)  examined 
the  sensitivity  of  tut-  mass  flow  in  a  turbulent  boundary  layer  to  the  as¬ 
sumed  form  of  the  shear  law  and  noted  that  the  sensitivity  was  small.  The 
mutual  interaction  between  the  main  flow  and  the  boundary  layer  flow  were 
analyzed  by  Anderson  'refs.  11  and  12)  and  Rosenzweig,  Lewellen,  and  Ross 
(ref.  13).  For  strong  vortex  flow  with  high  swirl  the  interaction  cause i 
tiie  existence  of  secondary  motion  with  radial  outflow  notion  in  the  primary 
flow  for  vortex  flows  of  high  swirl.  Thus,  these  analytical  studies  showed 
that  under  certain  conditions  a  part  or  all  of  tin-  net  flow  into  a  vortex 
passes  tiirough  the  end  wall  boundary  layers. 

It  was  the  object  of  this  study,  to  determine  (l)  detailed  experimental 
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profiles  of  the  velocity  components  ar.d  radial  pressures  of  a  vortex  con¬ 
fined  in  one  particular  geometry,  a  short  cylinder  with  plane  end  -ails, 
and  '2)  which  factors  are  responsible  for  the  resulting  profiles.  A  cylin¬ 
drical  chamber  11.  "’2  incr.es  in  diameter  and  1.250  inches  in  length 
L/2  =  0.10")  was  used  as  the  vortex  container.  Air  was  injected  tar.g*  r. - 
tially  into  the  chtmber  through  a  series  of  4e  guide  vanes  a 1  1  around  the 
periphery  and  discharged  through  a  5.  OOC-ir.ch-diameter  exr.aust  tube  t ha t 
was  *ocated  at  the  center  of  ore  end  wall.  This  chamber  was  somewhat  si~.- 
lar  to  that  used  ir.  references  2,  2,  and  u.  A_xial  traverses  2  4  points) 
were  made  at  seven  radial  stations  r  =  1.0,  1.  ,  2.0,  2.5,  2.0,  7.  ,  ar.d 
4.5  in.)  with  a  probe  that  sensed  both  the  magnitude  and  direction  of  a 
velocity  vector  at  a  point.  From  these  traverses  were  evaluated  the  pro¬ 
files  of  the  radial  and  tangential  velocity  components,  ar.d  the  streamline 
pattern.  A r.  additional  traverse  vas  made  with  a  pitot  tube  at  the  injection 
radius.  Static  pressures  were  also  measured  at  the  same  radial  positions 
and  in  addition  at  r  =  5. hi  inches.  The  results  are  presented  for  only  one 
mass  flow  rate  of  0.203  po.ind  mass  per  second  at  absolute  pressure  of 
42  inches  of  mercury  at  r  .-1  inches  ar.d  temperature  of  M0°  K,  although 
data  at  higher  and  lower  flows  yielded  similar  resu.ts.  Therefore,  tie  coi  - 
ditions  were  essentially  for  the  incompressible  regime. 

APPARATUS 

The  short,  cylindrical  vortex  chamber  is  shown  schematically  in  figure  if 
The  4R  guide  vanes  imparted  a  high  swirl  to  the  air  as  it  passed  inward  from 
the  inlet,  plenum  chamber.  The  wire-gauze  damping  screen  aided  in  producing 
angular  symmetry  around  the  periphery.  The  end  wall  opposite  f.he  exhaust 
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♦Figures  start  on  page  293. 


was  fabricated  with  static  wall  taps  and  seven  probe  ports,  each  fitted 
with  a  removable  plug  that  was  flush  with  the  inside  surface  of  the  end  walls 
To  make  a  traverse  at  a  given  radial  station  the  plug  was  removed  and  the 
probe  holder  assembly  fastened  in  its  place.  Static  wall  taps  0.010-inch  in 
diameter  were  drilled  at  the  same  radial  positions  as  the  probe  ports. 

These  taps  were  located  1  or  more  inches  ahead  of  the  probe  station  in  the 
angular  upstream  direction  to  avoid  Interference  due  to  the  presence  of  the 
probe. 

It  was  realized  after  some  preliminary  experiments  that  the  velocity 
component  profiles  could  only  be  determined  with  an  instrument  that  was 
sensitive  to  the  direction  as  well  as  the  magnitude  of  any  local  velocity 
vector.  The  conventional  pitot  tubes  that  are  fabricated  from  small  round 
tubes  are  rather  insensitive  to  the  yaw  and  pitch  angles  up  to  ±5°  or  more 
(ref.  14).  This  is  also  true  of  flattened  pitot  tubes  such  as  the  one  used 
in  reference  7.  Hence,  the  3-tube  pitot-yaw  probe  shown  in  figure  2  was 
finally  chosen  because  it  is  very  sensitive  to  yaw  in  the  plane  of  the  three 
tubes  tut  not  to  pitch.  These  two  characteristics  made  the  probe  quite  suit¬ 
able  for  this  experiment  where  the  axial  velocity  component  was  expected  to 
be  small.  The  choice  was  based  on  the  work  of  Bryer,  Walshe,  and  Garner 
(ref.  15). 

A  second  important  factor  for  consideration  in  the  probe  selection  was 
its  size.  Any  probe  regardless  of  its  size  will  exert  a  drag  that  tends  to 
slow  down  the  vortex.  Obviously,  the  velocities  indicated  by  the  probe  will 
differ  from  those  of  the  undisturbed  vortex;  the  difference  increasing  with 
increasing  probe  size.  In  addition  to  slowing  down  the  vortex,  the  probe 
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If  it  is  used  in  a  region 


size  can  produce  another  undesirable  effect. 

-•here  the  motion  is  very  nearly  circular,  the  probe  wake  vill  be  cor.vected 
in  a  circular  path  so  that  the  probe  could  be  in  its  ovn  vaxe.  Here  again 
the  indicated  velocities  vill  differ  from  those  of  undisturbed  vortex  if 
the  wake  is  too  large  to  be  dissipated  before  it  comes  back  on  the  probe. 

Thus,  it  is  seen  that  disturbances  by  the  probe  cannot  altogether  be 
avoided,  but  they  can  be  minimized.  To  insure  the  greatest  possible  accuracy 
in  this  experiment,  the  probe  was  made  as  small  as  possible  consistent  vitr, 
reasonable  response  times  and  strength. 

F  r  these  experiments  a  specia]  holder  was  made  for  the  3-tube  probe. 
With  it  the  ;  ‘obe  could  be  positioned  axially  and  rotated  into  any  angular 
orientation  while  the  tip  was  always  at  the  came  radius.  To  establish  the 
reference  angle  the  entire  assembly  was  alined  in  a  -i-inch-diameter  uni¬ 
directional  airstream  of  uniform  velocity.  The  airstream  was  produced  by 
a  special  Jet  tunnel  that  was  specifically  designed  for  calibrating  and 
alining  probes.  The  reference  angle  was  chosen  to  be  zero  when  the  probe 
was  alined  with  a  radial  line  and  directed  toward  the  vortex  center. 

A  special  pitot  tube  was  made  to  determine  the  distribution  of  the 
velocity  magnitude  of  the  air  leaving  the  injection  vanes.  No  provisions 
wer>-  made  to  measure  the  angle  of  injection  with  this  probe.  The  probe  is 
shown  in  figure  3  along  with  the  measured  profiles.  The  total  pressure  was 
measured  relative  to  a  static  wall  tap  at  r  =  5.61  inches.  The  true  static 
pressure  at  the  var.e  outlet  was  determined  by  extrapolating  the  radial 
static  pressure  data  from  r  =  5.61  to  r  ~  5.9  inches. 

The  mass  rate  of  flow  through  the  test  section  was  measured  with  a 
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calibrated  orifice  plate  that  was  accurate  to  within  1  2  percent. 

The  radial  static  pressures  were  measured  relative  *o  each  other  on  a 
group  of  water  manoreters  the  legs  of  which  v*-r<  all  n:  <■  •'.*  :  t  a  'ommor.  w 
at  the  lower  end.  The  pressure  sensed  at  the  outermost  raiius,  r  =  5.*1 
inches,  was  measured  relative  to  atmosphere  or.  a  mercury  "L'-type"  manometer. 
Water  "U-type"  manometers  were  used  to  measu-e  the  difference  between  1 
the  total  pressure  sensed  by  the  center  tube  of  the  pitot-yaw  prole  and  the 
local  static  wall  pressure  at  the  same  radius,  2)  the  pressures  set  ed  by 
the  beveled  yaw  tubes  of  the  pitot-yaw  pr  1  e ,  5)  the  orifice  plat*-  pressure 

difference,  and  (4)  the  total  pressure  of  the  probe  at  the  vane  tips  and 
the  wall  tap  at  r  =  5.61  Inches. 

The  accuracy  of  the  final  results  depends  on  the  accuracy  of  the  instru 
ments  used.  All  manometers  were  easily  readable  to  within  0.0  inch.  The 
flow  rate  was  maintained  steady  within  il/2  inch  of  water  out  of  an  overall 
Ap  of  50  inches.  The  protractor  was  equipped  with  a  vernier  that  was  read¬ 
able  to  5  minutes  and  the  zero  reference  was  established  to  within  5  minutes 
The  micrometer  head  had  a  least  count  of  0.001  inch. 

TEST  PROCEDURE 

To  make  a  typical  run,  the  probe  holder  was  installed  in  a  port  at  a 
radius  where  an  axial  traverse  was  desired.  The  flow  of  air  was  starred  and 
increased  until  the  desired  rate  was  reached.  About  15  minutes  were  allowed 
for  all  manometers  to  achieve  steady-state  values.  A  typical  ’raverse  was 
started  with  tie  probe  tip  completely  withdrawn  from  the  flow  ar.o  ’ouching 
the  wall  on  which  the  probe  is  mounted.  The  probe  was  rotated  until  tr.e 
pressure  difference  between  the  two  beveled  tubes  was  zero.  The  angle  was 
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..city  magnitude  was  q-:te  :r.:!'  rrlo  distributed.  Because  the  air  was 
voted  through  thlr.  rec'&r.gular  slots  formed  hy  tne  flat  var.es,  It  is  Re¬ 
lieved  that  o'.  1 3' :  r r.  injection  was  achieved  for  Roth  4  r.e  radial  ar.d  4  anger.  - 
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calculated  f  r  m  th**  lefiniti  n  „  (z)  -  J  ur  iz  and  n  rmal ize :  \  y  the 
average  value  ,  I.ruay  .  .  The  axis.  '  nr  nents  w  -**re  quite  mall  in 

corn  par  1  son  t  :  the  ther  components  ver  the  reg  i  n  where  me  as  .rem.e  r.t  s  were 

1  * 

maie.  These  were  -a'  '.la**“i  ;r  n  •  >..  up  «  ..  w  =  -  -  —  ,  (  )  ,  t*t  are  n  4 

r  4r 

shown  here.  The  p.x'ai  components  are  pr  tally  ’onparat  le  4o  ur  near  the 
vane  where  the  Incoming  fluid  is  iivertej  towar  i  the  eni  walls  as  ini  i  -ate: 
by  the  dotted  streamlines. 

Figures  3  to  5  reveal  several  prominent  features.  The  first  is  the 
abrupt  change  in  the  profile  of  tie  rallal  velocity  from  a  uniform  iistri- 
bution  shown  In  figure  7  to  iha4  of  figure  4(g).  5c-  noly,  figure  -i  -learly 
shows  that  all  of  the  incoming  fluii  moves  along  the  end  wall  toward  the 
exhaust  region  with  the  maximum  radial  velocity  occurring  very  close  to 
the  wall.  The  radial  velocities  a  ijacent  to  the  wall  are  in  Teasing  quite 
rapidly  with  decreasing  radius  while  away  from  the  walls  the  raiial  veloc¬ 
ities  are  small  and  outward  (positive)  in  direction.  The  non i imens ional i za- 
tion  of  u  values  by  the  average  value  uQV  ^  in  figure  4  out.  -ares  these 
facts  on  the  one  hand,  but  reveals  a  similarity  of  the  profile  in  the  bound¬ 
ary  layer  region  on  the  other.  The  third  feature  is  that  the  tangential 
velocities  in  Tease  with  ierreas ing  radius  an!  that  the  profiles  ievelop  a 
depression  in  them.  These  profile s  show  the  ame  general  features  that 
were  independently  found  in  4  he  experiments  ty  Ken ’all  (ref.  7)  and 
Donaldson  an  1  Williamson  (ref.  m).  One  significant  lifferenee  between  pro¬ 
files  of  references  7  ani  ^  and  those  re porte i  here  is  the  presence  of  the 
radial  outflow  in  the  mainstream.  It  is  \  iite  fossil le  that  the  out! low 
questioned  in  reference  f-  «ras  actually  present. 
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*  anger,  t.  lal  motion  caas  ir.g  t  i.e  moti  or.  to  depart,  fr  orr  solid  tody  r.v  at  1  on 
and  tend  toward  the  ir.visci  1  vort-ux  where  v  -  1 /r  as  - t  e  comes  larger 
Ir.  magnitude,  In  o  nor  ordr  ,  th.e  negative  radial  ve  .  nr. ties  tend  to  pre¬ 
serve  angular  roxentur  c  mt  .*  te  preserve! 1  >r.  air  oct  \  eir.g  act  e  ve  d  In 

the  experl  m«  nt  reporte  1  ..  r*  a*  .  .  ’  d  and  ~  .  The  hign  centri¬ 

fugal  force  .laid  of  th*  boundary  regions  Is  then  transmitted  by  tangential 
turbulent  shear  to  the  region  away  from  the  toundariec.  There  a  small  radial 
outflow  is  induced  that  tends  * o  decrease  the  argilur  moment  ur  and  cause  the 
depression  in  the  tangent' al  velocity  profiles  i'fig.  1). 

The  existence  of  a  higher  ralial  mass  flow  along  the  end  wall  opposite 
the  one  containing  tie  ex.naust  port  was  somewhat  unexpected  at  first  glance. 

A  plausible  explanation  for  th i  situation  is  ♦ he  fact  that  the  greatest 
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t  ;rl  il»*nt  shear  terms  « 


ther,  *,he  eq  .at  lor.  r>  :  . 


The  tangential  and  radial  velocity  profiles  in  figures  4  and  5  show  that  in 
the  midchannel  region  away  from  the  end  wails,  the  conditions  of  equations 
2a  and  2b)  are  met  because  ru/ez  2,  w  ^  0,  and  u  ar.d  ,o  *r  are 
both  small;  conditlor.  of  equation  2c)  is  assumed  to  hold  because  the 
gradients  of  u  and  v  in  the  z-directior.  are  small.  As  :s  frequently 
done,  let 


where  n  is  an  experimentally  determined  exponent.  For  an  inviscid  vortex, 
the  equation  of  motion  for  the  tangential  velocity  component  yields  th> 
well  known  distribution  v  „  l/r;  that  is.  n  =■  1. 

When  equation  •* )  is  substituted  into  equation  (.')  and  *her,  -  prat!  on 
Is  integrated,  the  1  1  lowing  r.ondi  mens  i  onal  -  /press. on  for  the  static  pr- - - 
sure  results 
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Before  equatior.  )  car.  be  applied,  a  value  fur  n  must  t  e  choser.  fr  ir  *  i.e 
experimental  tar.gfr.tinl  profile  iata,  and  i*  must  be  fit  reasonably  c  1 
with  equation  -i  .  Two  choices  suggest  themselves,  one  for  the  t  mi  1- 

channel  z  -  0.  )  where  the  equations  2a),  b )  ,  and  c)  are  satisfied,  ar.d 


the  other  for  the  integrated  average  tangential  velocity 
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f  ;  r  ,re  .  Tie  agreement  t  '■•tween  equations 
r  ’  an  J  the  '-xp*  rimer. t  press  .re r.  .  r.  figure 


7;.r  max  ,  murr  lev;  at:  ei  of  about  .2  peror.’  occurred  at  r  /r_  =  0.  1  'l  where 
•  :.e  pre  -sur"  graii'T.ts  were  greatest. 

Ar.  attempt  was  male  to  check  equation  2)  by  different  rating  the  experl 
mental  pressure  :  •;  stritut  i  on  as  was  Jone  Ly  ill!  ams  on  and  VcCvne  ref.  2), 
t  ;t  .*  was  r.o*  a-  access ful  as  tr.e  preceding,  approach  because  of  the  in- 
:mren*  inaccuracies  in  1  i  f  ferer.t  i  at .  rig  experimental  data. 

7':.  ■  agreement  achieved  herein  between  experimental  data  or.d  the  model 
verifies  the  ;suai  r:  r  r  -ur.pt  i  on  that  in  tr.e  tody  cl  fluid  away  from  the  end 
walls,  the  radial  pressure  gradient  is  balanced  largely  by  the  centrifugal 
force.  /..so  the  average  v  at  any  r  is  approximately  equal  to  the 

fit  V 

value  away  from  t  .e  er.d  walls. 

Accuracy  of  resilts 

The  accuracy  of  t  e  measurements  was  examined  carefully.  The  static 
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P  ■" 


d  i  am  ,  fir,'! 


r  r*  p  r  x  i  ■ ;  c  .  * 
tar.  ie  II 


<*  in’  a  <  r<  val  •  :  r-ce  .s1  *  wa.  1  tape  werr-  s  .ma  *  1  0.  010  . r 
.m  V  vr<'  car*  ‘‘i*ly  ma  ie  vi  *  n  squar--  e  * g*- s  :  ree  of  t  ;rrs .  The 
. ’v  !'  static  pre  ssure  data  :  s  evi  ie..ced  <  r  pi  g  a: 

re  far  ••r.ca  where  these  data  were  recor  .>  i  after  each  velocity 


traverse . 

T  ere  was  r.o  d  ut  t  about  the  accuracy  of  the  pitot  center  tube  of 
ire  pr  \>  because  -f  its  ms*  r.s.t.  vi  tv  *  o  yaw  and  its  long  "tablished 
rellai  i  1  i  t  y  i'rr  ocity  measurements  i  r.  varlo..5  s.near  flows.  The  velocity 
vai  a  :  •  p<-atat  if  •  :  t  nr.  a  ;  .  rr.  .m  ieviati  on  of  I.  7  percent. 

H  wfvr,  ' 'T  a;;i  t:  *•  1  *•  ve  le  i  yaw  tut',  were  ,se  I  i  r.  a  field  where  there 
were  radial  as  w«  • .  1  as  axial  gradients  f  tnc  *  o*  a*  pressure,  each  beveled 
tube  was  generally  exposed  to  a  slightly  different  local  total  pressure, 
ever,  though  the  spacing  between  them  was  small  0.  OtO  in.).  As  a  result 
the  probe  could  have  been  yawed  relative  to  the  local  streamline,  when  the 
Zip  between  them  was  zero.  For  this  reason  a  check  was  made  on  the  accuracy 
of  f  he  0  measurements,  and  a  detail  discussion  of  t  is  given  ir.  refer¬ 


ence  1 


slight  azimuthal  as, 
*  pr  •  o ' .  *  :  ‘  iv  i  :  it 

but  1  iwmov  '  i  r  m  eac.h 
f  i  gu  r*- s  r  nr.  !  and  *  at 

:  y  a  sr.a .  1  a  :  *  .  Yet  ,  t 
Mi!'  *  .he  *  w  traverses  fit  r 
r"spec‘  i  v<- 1  y  ,  compared  *  . 
ured  ly  ‘be  r  i  i  meter 


yrmmetry  existed  in  t.he  flow  pattern  in  spite  of 
Two  identical  traverses  at  r  2.  0  incites 
trier  rt v  t  <■!  the  asymmetry  _ which  is  shown  in 
le  1.  7h<-se  two  profiles  are  similar  and  differ 
he  integrated  mass  rates  for  the  ur.corrected  data 
2.  T  inches  fig.  4  c)  were  0.2. 7  and  .  1  -1  , 

*  ne  true  value  of  "1.20m  po  inds  per  second  as  rn.ea.s- 
.  fhe  large  errors  in  the  integrated  '’ass  rate 


1 36 


■cuurred  because  >  ac:.  pr  :: .  <■  p 
has  wo  spikes’  the*  --a  1  ’>!’  .r.t 

sma.l  variations  in  ‘.e  pr  hi  le 
ic*£  .  rat  ie  t  :,a\  e  1  .  >■  >;greener 
flows  as  a  check  or.  ‘he  accuracy 
na  3e  *  h  i  s  agreement  i  i  f  i  i  c  :.‘  . 


I:.--  ruu.al  vel  city  c or.por.er *  :  i  gur*-  •*, 

egrated  ma^s  rate  is  q  ;;  te  sensitive  * 
magnitudes.  ■Mthougn  it  would  nave  teen 
*  between  *  he  integrated  and  rreasur*  d  mass 
of  the  pr  :  .  les,  t.he  snap*  of  *  re  prof!.'- 
I ‘  appears  that  agreement  between  t.ue  in¬ 


tegrated  mass  flow,  and  t n <  orifice  meter  value  is  riot  a  good  method  to 


*  e  s  *  t 

:.e  accuracy 

f  ♦  he 

rad  i 

al  velocity  prnfi 

le  lata. 

Hence  *  G 

pri  son ’ 

cor.s  1  s 

tent  set  if 

gr  aphs 

*  he 

velocity  profile 

data  for 

five  o  -• 

seven 

t raver 

s-'S  were  cor 

recte  d 

for 

‘he  asymmetry  by 

shi  l’ting 

the  profil 

. e  if  thf 

measured  angles  an  amount  necessary  to  bring  the  integrated  mass  flow  *o 
within  a;  out  percent  of  the  measured  pre^i.e.  fhe  afcsol.te  magnitude  of 
the  angle  correction  varied  irorr,  0..  to  1.4  degrees.  The  correction  could 
have  been  made  on  the  velocity,  or  on  a  combination  of  angle  and  velocity. 
However,  since  there  appeared  to  te  no  factor  affecting  the  choice  of  cor 
recti Dn ,  the  choice  was  arbitrary.  One  additional  observat'on  merits  com¬ 
ment  and  *  at  .o  the  discovery  of  the  asymmetry  is  additional  evidence  that 
the  yaw  pr  be  was  quit'  sensitive  to  flow  direction. 

71. e  presence  of  the  probe  exerted  a  drag  on  tr.e  vortex  tending  to  slow 
it  down.  Tills  was  evidenced  bv  a  shifting  of  the  radia.  iistrltuti  n  of  the 
static  pressure  readings  as  the  probe  was  extended  into  the  stream.  The 
slowdown  depended  somewhat  or.  the  radial  location  of  the  probe,  the  greatest 
slowdown  occurring  a*  tr.e  smallest  radii,  where  the  velocities  were  highest, 
and  when  the  probe  was  fully  extended  across  the  vortex.  The  maximum  shift 
in  tr.e  rad  al  pressure  distribution  amounted  to  one  part  .n  six  of  the  ^  dis 
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most  of 


4  urbed  dlstrib  .1 1  jr.  tr.a4  is  sr.owr.  r.  tiv  uvera^*  I  or 

the  lata  the  effect  f  tr.*  lra».'  was  c  r.s  .  feral  *y  .ess.  !Jo  attempt  was  made 
to  correct  the  velocity  profiles  for  the  fffe  s  if  probe  crag  because  it 
appeared  impossible  to  do  accurately. 

An  attempt  was  made  t  assess  the  eifect  of  the  probe  wa/.e  by  inject¬ 
ing  helium  into  the  vertex  with  a  probe -like  injection  tube  and  recording 
Cchlieren  pliotos.  It  appeared  that  any  disturbance  created  by  the  probe 
was  dissipated  so  that  the  probe  wake  did  not  seem  to  propagate  back  on 
itself.  The  Schlleren  photos  also  confirmed  that  the  motion  was  turbulent 
everywhere .  Hence,  it  was  concluded  that  the  presence  of  the  probe  wake 
was  producing  at  most  a  second-oider  effect  on  the  profiles. 

The  extrapolated  value  of  vQ  arid  vQV  Q  were  34.1  and  5c.  7  feet 
per  second  as  compared  with  an  average  of  about  104.5  feet  per  second 
measured  at  the  vane  tip  shown  in  figure  5.  This  variation  was  expected 
because  there  exists  lo^al  mixing  of  the  Jets  as  they  emerge  from  the  vane 
injection  slots. 

CONCLUC IuNC 

The  purpose  of  this  study  was  to  make  accurate  measurements  of  the 
radia.  ar.  !  tangential  velocities  throughout  the  vortex  and  of  the  radial 
static  pressures  and  to  determine  the  factors  that  influence  the.-  motion. 

"'his  goal  was  achieved,  and  from  the  results  presented  herein  and  those  of 
the  investigators  cited,  the  following  conclusions  are  Jr-awn  concerning  the 
factors  that  nfluence  confined  vortex  motion.  In  particular,  tr.ese  con¬ 
clusions  apply  to  cylindrical  chamtcrs  that  have  stationary  planar  end  walls 
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ary  end  walls  are  present,  all  the  fluid  leaves  the  chanter  by  way  of  the 
boundary  regions  ad  ‘acer.t  to  these  end  walls.  However,  if  at  least  one  of 


the  chanter  is  wide  open,  th°  fluid  would  discharge  immediately  out  of  this 
<*nd.  Because  the  cer.trifuga  force  field  near  the  walls  is  reduced  due  to 
the  nc-slip  condition  or.  the  surface,  inward  radial  velocities  exist  there, 
ar.d  Pney  lend  to  conserve  angular  momentum.  Phis  accounts  for  the  approxi¬ 
mate  i  r  v  i  sc  i  d-1  ;  ko  vortex  motion. 

The  simple  model  whereby  the  centrifugal  forces  are  balanced  only  by 
t:.e  radial  press  ure  is  valid  in  regi  ns  far  removed  from  the  end  wails. 

*1  r  y  rp~ »  T  T  »  r^r  t 

1  vortex  chamber  cuter  diameter,  2r0 

L  vortex  chamber  length 

exponent  appearing  in  eq.  { -i) 
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Figure  1.  -  Schematic  arrangement  showing  essential  features  of  vorle*  chamber. 
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figure  2  Three  tube  probe  tor  measuring  velocity 
vector  magnitude  and  angular  direction 


figure  S  Velocity  profile  at  guide  vane  with  measuring  technique 
illustrated.  Dimensionless  radial  coordinate,  f  •  1  0,  mass  How  rate  • 
0  20t>  lb/  sec 
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figure  4  Dimensionless  radial  velocity  distriputions  al  various  radia  positions  led  retted  tor  asynmetryl. 
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figure  4.  Coiicludesl  Dimensionless  radial  velocity  distributions  at  various  radial  positions  (corrected  tor  asymmetry). 
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figure  V  Dimensional  tangential  velocity  distributions 
at  various  radial  positions  (corrected  tor  asymmetry!. 


297 


2 


I 


figure  1  Comparison  ot  eipenneitai'v  and  anal vt ica I f v  determined  radial 
distribution  ol  static  pressure 
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figure  8  -  Radial  dependence  ot  experimentally  tangent 
velocities  and  best-fit  curves  tnrougn  data 
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A  theoretical  a no  experimental  investigation 

OF 

THE  VORTEX-SI'. K  ANGULAR  RATE  SENSOR 

by 

Turgut  Sarpkava 

University  cf  Nebraska,  Lincoln,  Nebraska 


ABSTRACT 

This  paper  describes  the  characteristics  of  flow  of  a  viscous  fluid 
between  two  rotating  coaxial  disks  separated  by  a  porous  cylindrical 
wall.  The  sensitivity  of  the  device  to  rotational  motion  has  been  deter¬ 
mined  for  various  flow  rates,  angular  velocities,  and  types  of  pickoffs. 
The  viscous  efficiency  of  the  sensor  has  been  determined  theoretically 
and  compared  with  that  obtained  experimentally.  It  is  found  that  the 
device  as  well  as  the  pickoff  may  ue  designed  for  a  given  range  of  opera¬ 
tion  and  maximum  rate  detection  throuqn  a  combination  of  theoretical  and 
experimental  studies. 


INTRODUCTION 

The  purpose  of  the  theoretical  and  experimental  investigation  de¬ 
scribed  herein  is  to  determine  the  characteristics  of  an  angular  rate 
sensor.  Tnis  study  falls  in  the  general  category  of  developing  sensors, 
without  moving  parts,  which  utilize  the  properties  of  fluid  flow  to  sense 
the  changes  in  the  state  of  motion  of  an  object  to  which  the  sensor  is 
rigidly  attached  and  give  a  mass  flow  and  pressure  output  proportional 
to  the  rate  at  which  the  change  in  motion  occurs.  The  output  of  such  a 
device  may  then  be  magnified  to  actuate  other  components  in  the  system 
which  will  preserve  with  their  reactions  the  original  or  the  desired 
state  of  motion. 

The  vortex-sink  angular  rate  sensor  consists  basically  of  an  ideal 
sink  flow  between  two  coaxial  disks  and  a  vortex  created  by  the  rotation 
of  the  unit  about  its  axis  of  symmetry.  The  strength  of  the  ideal  vor¬ 
tex  is  proportional  to  the  rate  of  rotation.  Hence,  the  determination 
of  the  rate  of  rotation  reduces  to  tne  determination  of  the  vortex 
strength  either  directly  or  indirectly  through  the  measurement  of  certain 
uynanic  characteristics  of  fluid  motion.  The  direct  measurement  of  tne 
vortex  strenqth  is  often  difficult  and  requires  the  use  of  movinq  ele¬ 
ments.  On  the  other  hand,  the  determination  of  mass  and  pressure  output 
through  non-moving  elements  or  pickoffs  provides  only  an  indirect  means 
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of  evaluating  the  vortex  strength  or  the  rate  of  rotation.  The  use  of 
indirect  pickoff  elements  necessarily  adds  theoretical  difficulties  to 
tne  understanding  of  the  rate  sensor.  To  begin  with,  both  the  sink  and 
the  vortex  flow  are  modified  by  tie  viscous  forces.  Consequently,  tne 
intensity  of  the  vortex  motion  does  not  remain  constant  as  it  progresses 
through  the  u  it.  Secondly,  the  pickoff  itself  introduces  secondary 
boundary- 1 ayer  effects,  reduces  the  effective  flow  area,  and  increases 
the  noise  level  because  of  the  vortices  shed  behind  it.  Thirdly,  tie 
presence  of  any  object,  however  small,  such  as  a  pickoff  in  a  reoion  of 
high  tangential  velocity  or  large  tangential  shear  causes  large  energy 
dissipation  and  reduces  the  intensity  of  the  vortex  created  by  tne  rota¬ 
tion  of  the  rate  sensor.  Consequently,  tne  angular  momentum  wnicn  tne 
fluid  retains  at  the  sampling  zone  of  the  pickoff  becomes  an  unknown 
fraction  of  the  angular  momentum  imparted  to  the  fluid  by  the  sensor. 

It  is  for  this  reason  that  a  theoretical  and  experimental  study  of  the 
vortex-sink  motion  of  a  viscous  fluid  is  undertaken  herein. 


EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 

The  apparatus  consisted  of  a  compressor,  filter,  pressure  regulator, 
metering  pressure  gage,  rotameter,  supply  lines,  a  test  chamber  or  a 
slip-ring  mechanism,  rate  sensor,  pickoff,  pressure  transducer,  and  an 
ampl  i  fier-recorder  assembly.  Figures  1,  2,  and  3  show  the  general  lay¬ 
out  and  two  of  the  several  sensors  used. 

Filtered  and  metered  air  was  supplied  to  the  porous  coupling  either 
by  a  test  chamber  enclosing  the  sensor  as  shown  in  Fig.  1  ,  or  by  a  slip¬ 
ring  mechanism  as  shown  in  Fig.  2.  The  latter  method  permitted  access 
to  the  sensor  and  made  possible  the  installation  of  numerous  pressure 
taps  on  one  of  the  two  coaxial  disks. 

The  rate  of  rotation  was  determined  by  connecting  the  event  marker 
on  tne  recorder  to  an  electrical  wiper-contact  on  the  sensor  wall.  For 
very  slow  rotations,  in  the  order  of  0.5  deg/sec,  an  electric  time  -  was 
used  to  determine  the  angular  velocity.  The  output  of  the  rate  sensor 
was  determined  through  the  use  of  several  pickoffs.  The  size  and  loca¬ 
tion  of  each  pickoff  and  tne  material  used  in  its  construction  is  sho' n 
in  Fig.  4.  The  output  of  the  pickoff  was  fed  into  a  pressure  transducer 
and  recorded  with  the  help  of  an  ampl i f ier-recorder  assembly. 

Experimental  procedure  consisted  of  the  following  steps: 

a.  setting  the  pressure  regulator  and  the  meterinq  pressure  gage; 

b.  setting  the  desired  flow  rate  on  the  calibrated  rotameter; 

c.  recording  the  pickoff  signal  (if  any)  without  rotation; 

d.  rotating  the  sensor  uniformly  with  the  variable  speed  motor  and  re¬ 
cording  the  output  of  the  pickoff; 

e.  increasing  the  flow  rate  to  a  new  desired  value,  repeating  step  (c), 
and  rotating  tne  sensor  at  previously  set  angular  velocity; 
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f.  repeating  the  a  Dove  procedure  for  all  flow  rates,  and  finally, 

g.  beginning  once  again  with  the  smallest  flow  rate  and  increasing  the 
rate  of  rotation  to  a  new  constant  value. 

Tne  data  obtained  through  tne  procedure  described  above  is  evaluated 
and  plotted  in  terns  of  the  parameters  devised  theoretical ly . 


THEORETICAL  ANALYSIS  OF  VORTEX -S I NK  FLOW 

The  present  study  considers  the  type  of  flow  shown  in  Fig.  S,  where 
the  fluid  enters  the  region  of  interest  through  a  porous  wall,  spirals 
radially  inward,  and  exits  axially  at  some  smaller  radius.  Since  the 
radial  and  tanqential  Reynolds  numbers  are  in  general  within  the  sub- 
critical  range  and  since  the  radial  and  relative  tangential  velocities 
are  required  to  be  zero  on  the  walls,  viscositv  generally  plays  an  im¬ 
portant  part  in  determining  the  flow,  at  least  in  some  neignDorhood  of 
the  walls.  Consequently,  tne  present  study  is  concerned  with  the  motion 
of  a  viscous  fluid. 

It  is  well  known  that  solvinq  the  full  Navier-Stokes  equations  for 
a  confined  vortex  is  a  formidable  problem.  A  useful  method  of  attack  is 
to  analyze  the  radial  nonrotating  flow  through  the  use  of  the  boundary 
layer  equations  and  extend  the  resulting  solution  to  flows  with  weak 
swirl  through  perturbation  methods. 

The  influence  of  rotation  on  the  fluid  motion  may  De  indicated  by 
the  Rossby  number,  Ucb/ujR|,  which  represents  the  ratio  of  linear  momentum 
to  angular  momentum.  When  the  Rossby  number  is  large,  the  influence  of 
rotation  is  small,  and  it  is  possible  to  consider  per turba ti ons  about 
any  of  the  simple,  known  solutions  of  the  axially  symmetric  Navier-Stokes 
equations.  Examples  of  tnis  type  have  been  given  in  the  literature  for 
other  types  of  vortex  flows.  (0 


Analysis  of  the  Radial  Flow 

In  the  case  of  two-dimensional  steady  motion  of  an  incompressible 
viscous  fluid,  the  boundary  layer  equations  and  their  boundary  condi¬ 
tions  are  given  by: 


3u  +  ^  9u_  t  y  dU  +  3?u 

3x  3y  dx  3y^ 


(1) 


No . 


S.  Lewellen,  'Linearized  Vortex  Flows, "  AIAA  Journal,  vol .  3, 
1,  January,  1965,  pp:  91-98. 


3C8 


and 


3x 


(2) 


wi  th 


y  =  0,  u  =  0,  w  =  j ,  y  =  6,  u  =  J(x) 


(3) 


S i nk  tube 


porous 

wall 


sink  tube 


Fig.  5  Coordinate  axes 


we  beqin  by  writing  the  equation  of  continuity 

b 

/  u  dy  =  Uob 

0 

Introducing  the  displacement  thickness  5  *  as 


(U  -  u)dy  =  U  6 


(4) 


(5) 


and  noting  that  near  the  inlet  section  the  boundary  layer  develops  in 
the  same  way  as  on  a  flat  plate  at  zero  incidence  in  an  unaccelerated 
f 1 ow  ,  we  ha ve (2 ) 


(6) 


^Boundary  Layer  Theory,  Herman  Schlichting,  4th  Ed.  McGraw-Hill, 
1960,  Translated  by:  J.  Kestin. 
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Hence,  the  velocity  of  the  potential  flow  outside  the  boundary  layer 
becomes 


U  ( x ) 


'T  ^0  /  !  A  1/  w.  2  J_  \ 

- — (1  ♦  K[C  *  y  *  •  •  •> 

Ko  •  X 


(7) 


in  which  ,  K^,  ....  remain  to  be  determined  as  part  of  the  solution. 
Aitnout  the  effect  of  the  boundary  layer,  the  velocity  of  the  potential 
flow  would  have  been 


U(x).  U-R- 


R  -  x 


Now  introducing  the  similarity  transformation, 

y  ftfoRo 


R„  -  x 


IT 


(8) 


and  the  stream  function 

f(x.y)  ■  JkS-lA  (  c  f(n)  n2f  cnf  tn)  J 

{7  > 

we  obtain  the  velocity  components  u  and  w  as 


/  / 


U  .  -iL  •  AS*-  (f.  <  ,f ) 

ay  R„-  x  ' 


(8) 
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and 


-  w 


—  =  /u0R0v{f  — -  1  -f  —  f,  + 

3x  (R-x)^l  v  2  |  b'-U©  x 


U„  Rc 


(R  -x  )L  I  v 


(ID 


/  / 

wnere  fe  ,  f,  ,  etc.  denote  tne  derivatives  of  f0  ,  f,  ,  .  with 

respect  to  n. 


3 1C 


In  order  to  make  sure  that  the  equation  of  continuity  is  satisfied 
it  is  necessary  to  determine  the  derivatives  of  the  velocity  components 
as 
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(Ro-  X)3  ( R0  *  x ) ' 


f  + 
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Introducing  Eq.  (12)  and  (13)  into  Eq.  (2),  it  is  easy  to  verify  that  the 
equation  of  continuity  is  satisfied. 


Now  introducing  the  velocity  ccmoonents  and  their  derivatives  into 
the  equation  of  motion,  Eq.  (1),  we  obtain  for  the  first  approximation , 
i.e.  for  e  -  0,  the  differential  equation* 


(14) 


which  is  to  oe  solved  with  the  boundary  conditions 

n  =  0  :  f'  0  ,  f0  =  0 

/ 

n  =  :  f0  =  1 

// 

Multiplying  Eq .  (14)  with  f0  and  integrating,  one  has 


(15) 


*Tnis  equation  is  identical  with  that  obtained  for  the  exact  solu¬ 
tion  of  viscous  flow  in  a  convergent  channel  (see  Ref.  2,  page  144). 

The  similarity,  at  least  for  the  first  approximation,  between  the  radial 
flow  in  a  sensor  and  the  flow  in  a  convergent  channel  is  apparent. 
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or 


n  - 
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V(  C  - 1 ) 2  (f.'+  2) 


Upon  performing  the  indicated  integration,  we  nave 

W1 


r~  'I  -1 

n  =  ^2  {tanh  — — -  -  tann 


(18) 


(19) 


Solving  for  f0  ,  we  have 

C  =  ~ =  3  tann2  (  +  1.146)  -  2  (20) 

U  ( x )  V  2 

Combining  Eg.  (20)  with  Eq .  (10)  and  remembering  that  for  the  first 
approximation  e  =  0 ,  we  have 
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Althouqn  it  was  possible  to  obtain  a  second  order  solution  for  u/U0 
Dy  making  use  of  Eq.  (20),  this  was  found  to  De  unnecessary  particularly 
for  small  rates  of  rotation. 

A  careful  examination  of  Eq.  (20)  shows  that  at  n  =  3,  the  boundary 
layer  merges  with  the  potential  flow.  Hence,  the  boundary  layer  thick¬ 
ness  becomes  (see  Eg.  8) 


V 


=  3( R0 - x ) 


(22) 
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which  shows  that  6  is  maximum  near  the  porous  wall  and  it  decreases  as 
tne  flow  approaches  the  sink  tube. 

It  should  first  be  noted  that  there  is  no  possibility  of  tne  bound¬ 
ary  layer  thickness  increasing  toward  tne  sink  and  cnoxinj  the  potential 
flow.  Secondly,  in  order  to  reduce  tne  effect  of  viscosity  on  tne  per¬ 
formance  of  the  sensor  one  must  gently  converge  the  sensor  walls  from 
tne  porous  couplinq  toward  the  sink  tune  instead  of  diverging  tnem.  At 
present  a  sensor  is  being  built  with  converging  side  walls  and  snort 
streamlined  entrances  into  the  sink  tubes. 

Returning  to  Eq.  (22),  it  is  noted  tnat  the  maximum  value  of  6  is 
given  by 


In  general  the  half  width  p  of  the  sensor  is  larger  than  6m  (with  the 
possible  exception  of  that  portion  near  the  porous  coupling)  and  tne 
theoretical  analysis  based  on  the  boundary  conditions  used  herein 
(y  =  0 ,  u  =  0 ,  w  =  0 ,  y  =  b ,  u  =  U ( x ) ) ,  is  as  precise  as  the  one  which 
would  have  been  obtained  by  using  the  boundary  conditions  y  =  0,  u  =  0, 
y  =  b,  u  =  U(x)  . 


Flow  wi th  Weak  Swi rl 

In  the  foregoing,  the  development  of  the  boundary  layer  ano  the  ve¬ 
locity  components  for  only  the  radial  sink  flow  were  discussed.  It  is 
appropriate  at  this  time  to  determine  the  tangential  component  of  veloc¬ 
ity  due  to  axial  rotation  as  well  as  the  ever  present  radial  flow. 

For  large  values  of  the  Rossby  number,  i.e.  for  weak  swirls,  the 
inclination  of  the  relative  streamlines  within  the  boundary  layer  with 
respect  to  the  radial  direction— if  tne  wall  is  imagined  at  rest  and  the 
fluid  is  taken  to  rotate  at  a  large  distance  from  the  wall— may  be  writ¬ 
ten  equal  to  the  inclination  of  the  relative  streamlines  outside  the 
ooundary  layer.  Tnis  procedure  yields 


r0 


rt 


A 

Uo 


u  (24) 

Ro 


3 13 


in  which  r_  and  r  represent  the  strenqtn  of  the  vortPx  at  radial  dis¬ 
tances  r  and  R  respectively  and  u  is  given  by  Eg.  (21).  Figure  6  snows 
the  variation  of  the  tangential  component  of  velocity. 

If  the  strengtn  of  tne  vortex  were  not  dimimsned  by  the  shear  stress 
on  the  walls,  tne  ratio  rr/T  would  have  oeen  equal  to  un'ty.  Obviousl/, 
rr/r  represents  tne  ratio  jf  tne  angular  momentum  wni^n  tne  fluio  re¬ 
tains  at  a  radial  distance  r  to  that  imparted  at  the  coupling,  i.e.  the 
viscous  efficiency  of  tne  sensor. 


Viscous  Efficiency  of  the  Sensor 

In  order  to  determine  the  ratio  of  the  circulation  or  the  angular 
momentum  which  the  fluid  retains  at  the  pickoff  to  that  imparted  at  the 
coupling  it  is  necessary  to  d.termine  the  ci rcunferential  component  of 
tne  shear  stress. 
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through  the  use  of  Eqs .  (8)  and  (10),  one  obtains 
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y=0 


witn  r  /r  =  E 
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(27) 


Since  y  =  0-*ns0-f#  ~  0,  Equation  (17;  yields  ( f  e  =  2//  3 

y=0 

The  strenqth,  rr/2*,  of  the  vortex  at  a  radial  distance  r  may  be 
written  as 


(28) 


The  torque  acting  on  the  two  sides  of  an  annulus  of  fluid  mass  dM 
(dM  =  4upbrdr)  is  given  by 
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t  dr 
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we  have 


dT 
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a(rr/2i) 

at 


3  (  Tr/^  )  dr 


3  r 


dt 


a(rr/2<S)  _  _r_  j* 
3r  b  u 


(30) 


(31) 


If  there  were  no  effect  of  viscosi  ty ,  the  vortex  strength  rr/ ?tt  would  ob¬ 
viously  have  been  equal  to  wR2.  In  order  to  evaluate  the  effect  of  vis¬ 
cosity  on  the  reduction  of  circulation,  the  ratio  of  circulation  actually 
present  at  a  given  distance  r  to  the  ideal  circulation  uR2  is  defined  as 

the  viscous  efficiency  E.  Hence,  we  have 


E  = 


(32) 


or  by  replacing  u  by  the  average  radial  velocity  U0Ro/r  anc*  combining 
with  Eq.  (27),  one  obtains 


dL  .  MiZ  (E  -  -d) 

dr  V3  b  K  U0R0  Rq 
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Wn  ting 


r/K0  =  ; 


r 

po 


0  =  4iP0bUo 


we  have 


and 


=  K  (E  -  M 
dc 


(33) 


Integrating  Eg.  (33)  and  noting  that  for  ;  =  1,  E  =  1,  one  obtains 
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(34) 


Although  we  are  interested  with  the  value  of  E  at  the  pickoff,  i.e.  at 
;  =  in  general  c  is  extremely  small  and  for  all  practical  purposes 

it  may  be  taken  as  zero.  Hence,  Eg.  reduces  to 


E  =  3  Re 
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The  results  ootained  from  this  eguation  are  compared  later  with  those 
obtained  experimentally. 


The  Output  of  the  Pickoff 


The  pressure  distribution  around  a  cylinder  of  radius  c  located  in 
a  uniform  flow  of  Us  is  given  by 
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P  +  (1  -  4  sin?  9) 
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(36) 
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In  order  to  find  the  maximum  of  3p/3G,  we  write 


.ill  = 


8 


aw 
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(37) 


and 


3 


D9 


0 


COS  ?W 

1 

( 
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(38) 


Consequently,  the  holes  on  the  pickoff  must  be  located  at  0  =  t  n/4  in 
order  to  get  the  largest  response.  Hence  from  Eg.  (37)  we  have 


do  |  =  4 
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AG 


( for  one  nole) 


(39) 


The  anqle  AO  must  be  determined  in  terms  of  Us  and  the  tangential  veloc 
i ty  prevailing  at  the  point  (actually  a  finite  sampling  area)  of  output 


with  reference  to  Fin.  7,  one  finds  tnat 
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Ccmoi  rung  Eqs  .  (3b),  (3d),  and  (40),  we  nave 
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(41  ) 


It  must  be  noted  tnat  tne  pickoff,  because  of  its  finite  dimension, 
reduces  tbe  effective  area  in  tne  sin*  tube.  Tie  effective  velocity 
around  tne  probe  is  determined  Dv  writing 
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Fq.  v^3)  is  used  together  with  Lq.  (41)  in  calculatin']  tne  dimensionless 
parameter  ap/dU£/2. 

Ip  closing  tne  tneoretical  analysis  tne  followinq  observations  must 
be  recorded: 


a.  when  two  pickoff  noles  are  used  as  in  tne  case  of  pickoffs  *  1  ,  2 , 
and  3,  the  right  side  of  Eq.  (41)  must  be  multiplied  by  2,  i.e., 
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(44) 


since  the  differentia)  pressure  is  twice  the  pressure  obtained 
tnrouqn  one  hole  or  slot, 

b.  the  energy  loss  near  the  entrance  into  the  sink  tube  and  within  the 
sinK  tube  is  not  taker  into  consideration  in  tne  determination  of  E, 

c.  the  points  (actually  noles  or  slots  of  finite  size)  on  the  pickoff 
indicate  tne  average  pressure  over  the  samplinq  area  ratner  than  tne 
pressure  at  a  tneoretical  point.  A  better  approximation  could  easily 
be  obtained  bv  performing  a  double  integration  with  respect  to  r  and 

e  over  tne  sampling  area.  This  was  done  for  tne  pickoff  3  2,  and  it 
was  found  that  the  use  of  a  radial  distance  r  ^  (see  Fig.  7)  to  the 


center  or  the  pickoff  hole  is  more  than  satisfactory  for  the  calcu¬ 
lation  of  the  actual  average  pressure; 
d.  it  is  obvious  that  the  theoretical  efficiency  of  the  sensor  woulc  be 
higher  th<n  that  predicted  experimental ly  because  of  the  energy 
losses  not  included  in  the  analysis. 

Although  the  tneoretical  analysis  presented  in  tne  foregoinq  is  fair¬ 
ly  complete  and  quite  satisfactory  for  small  to  moderate  rates  of  rota¬ 
tion,  studies  are  underway  to  extend  the  analysis  to  higher  orders  of 
approximation  to  make  it  applicable  to  larger  rates  of  rotation. 


DISCUSSION  OF  RESULTS  AND  CONCLUSIONS 

A  matter  of  considerable  interest  is  the  comparison  of  the  neasured 
pickoff  output  with  tnat  determined  theoretical ly.  Before  doing  so,  how¬ 
ever,  the  results  of  the  exploratory  measurements  made  with  various  pick- 
offs  will  be  presented. 

Figure  8  shows  the  data  obtained  with  pickoff  *  5  and  sensor  #  1  for 
various  flow  rates.  It  is  apparent  that  this  particular  pickoff  does  not 
sense  the  direction  of  rotation  and  that  its  output  at  low  values  of  u 
is  not  satisfactory.  It  may,  however,  be  used  successfully  for  moderate 
values  of  w  to  detect  the  changes  in  a  unidirectional  rotation.  Under 
these  circumstances  it  will  be  found  that  the  output  of  the  pickoff  *  S 
(ps i /deg/sec )  is  quite  high. 

Extensive  exploratory  measurements  were  made  with  the  pickoff  #  4. 
Figure  9  shows  the  pressure  distribution  around  the  pickoff  for  three 
different  flow  rates  with  no  rotation.  This  particular  experiment  was 
conducted  for  the  sole  purpose  of  determining  the  effect  of  the  sink 
tube  on  the  characteristics  of  flow  around  a  circular  cylinder  protrud¬ 
ing  only  half  way  into  the  pipe  flow.  The  results  show  conclusively 
that  if  the  diameter  of  the  pickoff  is  small  compared  with  the  diameter 
of  the  sink  tube,the  pressure  distribution  around  the  pickoff  area  of 
the  probe  is  not  significantly  different  from  that  around  the  circular 
cylinder  irmersed  in  an  unbounded  uniform  flow.  Figure  10,  which  was 
obtained  with  probe  #  4  and  sensor  4  2,  shows  the  output  as  a  function 
of  the  rate  of  rotation  for  e  =  n/4.  It  is  clear  that  the  output  of  the 
pickoff  increases  considerably  with  the  increasing  flow  rates.  At  hiqh 
rates  of  rotation,  however,  the  output  1 e ve 1 r  off  anj  the  pickoff  be¬ 
comes  rather  ineffective.  The  significance  of  this  result  lies  in  the 
fact  that  one  needs  different  types  of  probes  for  small  or  moderate  an¬ 
gles  of  rotation  in  order  to  obtain  the  optimum  output. 

Upon  completion  of  the  preliminary  investigation,  probes  #1,2,  and 
3  were  designed  and  built  using  a  gold  tube  available  coronerci al ly .  Fig¬ 
ure  11  snows  the  results  obtained  with  probe  4  2  and  sensor  §  2  in  terms 
of  pressure  (psi)  and  rotation  (deg/sec,  clockwise  or  counter-clockwise) 
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FIGURE  9  PRESSURE  DISTRIBUTION  AROUND  THE  PICKOFF 


FIG.  10  OUTPUT  AS  A  FUNCTION  OF  ROTATION  FOR  VARIOUS  FLO^  RATES 


for  various  flow  rates.  A  brief  examination  of  this  figure  shows  that 
the  output  is  quite  linear  for  small  values  of  w  end  that  it  increases 
with  increasing  flow  rates. 

Probe  o  2  gives  a  zero  signal  in  the  absence  of  rotation  regard  1  ess 
of  the  flow  rate  through  the  sink_tub_e.  n'he  reason  for  tnfs  is  that  the 
noles  on  the  pickoff  are  situated  symnetri ca 1 1 y  v a t  the  same  sice  of  the 
probe)  with  respect  to  the  center  of  the  sink  tube,  furtnnmore,  it  is 
clear  that  the  flow  output  of  the  pickoff  may  De  increased  four  times 
when  used  with  a  low  input  impedance  amplifitr.  For  this  purpose  it  is 
sufficient  to  use  two  pickoffs  and  to  connect  the i r  outputs  as  shown  in 
Fig.  12. 


Sensor 


Fig.  12  Interconnection  of  two  active  pickoffs 


For  high  input  impedance  devices  the  use  of  one  pickoff  is  sufficient 
and  probably  more  advantageous. 

It  is  important  to  note  the  significant  difference  between  the  out¬ 
puts  of  a  probe  like  probe  *  2  and  the  probe  #4.  In  the  case  of  the 
former  the  static  pressure  difference  is  always  zero  while  in  tne  latter 
it  changes  with  the  flow  rate.  Consequently,  the  output  of  a  probe  like 
probe  4  4  is  more  susceptible  to  fluctuations  in  the  flow  rate  than  probe 
a  2.  Measurements  similar  to  that  presented  in  Fiq.  11  were  obtained 
with  probes  4  1  and  2,  and  with  sensors  #  1  and  2.  The  results  have 
shown  that  the  two  holes  on  probe  t  1  were  too  close  and  that  the  flow 


around  the  two  pickoff  points  interacted  and  reduced  the  output.  The 
slots  on  the  pickoff  8  3,  on  the  other  hand,  were  spaced  too  far  apart 
and  the  output  was  likewise  lower  than  that  obtained  witn  probe  8  2.  It 
appears  that  there  is  an  op'imum  distance  between  t^e  two  noles  on  tee 
probe  wnich  will  give  ihe  maximum  output.  This  point  will  be  explored 
ieparately  in  tne  future.  In  closing  the  discussion  of  the  characteris- 
tiCb  of  probe  e  2  it  should  be  noted  that  the  spanninq  of  the  probe  a- 
cross  tne  entire  S'nk  tuoe,  jnlike  probe  8  4,  reduced  separation,  pre¬ 
vented  probe  vibration,  and  lowered  the  noise  1  e '*c  1  of  the  pickoff  out¬ 
put.  It  is  sufficient  to  say  that  in  view  of  the  various  advantages 
cited  above  the  use  of  a  probe  similar  to  probe  8  2  is  highly  '•econrnendeo . 

Tne  climax  of  the  discussion  presented  herein  is  certainly  the  com¬ 
parison  of  the  various  efficiencies  obtained  theoretically  and  experi¬ 
mentally.  The  theoretical  viscous  efficiency  is  calculated  from  Eq.  135) 
and  plotted  in  Fig.  13.  The  experimental  viscous  efficiency  of  tne  sen¬ 
sor  p  2  and  pickoff  8  2  if  determined  by  usinq  the  data  presented  in  Fig. 
11.  For  this  purpose  Eq.  (44)  is  rewritten  as 
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and  the  values  of  E  are  calculated  for  each  value  of  the  modified  Reynolds 
number  Q  b/vR",.  The  results  are  plotted  in  Fig.  13  for  the  purpose  of 
comparison.  It  is  apparent  that  the  experimental  values,  although  quite 
consistent  among  themselves,  are  lower  than  those  predicted  theoretically. 
This  is  partly  due  to  the  exclusion,  from  the  theoretical  analysis,  of 
the  energy  losses  occurring  in  the  sink  tube  end  partly  due  to  the  inter¬ 
ference  of  the  vortex  core  with  the  pickoff.  It  is  believed  that  with 
the  design  of  smaller  pickoffs  and  modifications  of  the  sensor  geometry 
the  efficiency  of  the  sensor  may  be  increased  considerably.  The  signif¬ 
icance  of  Fig.  13  lies  in  the  fact  that  the  efficiency  of  a  vortex-sink 
device  can  be  calculattd  theoreti cal ly  and  that  the  experimental  values 
follow  the  same  trend  as  the  theoretical  values. 


It  is  appropriate  at  this  time  to  note  briefly  the  several  observa¬ 
tions  made  during  the  experiments: 

a.  The  sensor  was  rotated  about  the  other  two  axes  perpendicular  to  its 
axis  of  symmetry  and  no  signal  was  recorded, 

b.  The  sensor  was  given  translational  motion  in  several  directions  and 
onre  again  no  signal  was  observed; 

c.  The  rotations  in  the  clockwise  as  well  as  in  the  counter-clockwise 
direction  gave  identical  pressure  signals; 

d.  Although  duiing  each  test  a  dumny  probe  was  mounted  inside  the 
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opposite  sink  tube,  during  several  exploratory  measurements  the  dummy 
probe  was  removed  to  see  if  the  output  of  tne  active  pickoff  would 
vary.  Tne  results  have  shown  that  for  small  values  of  cu  and  Q  the 
absence  of  the  dunmy  probe  does  not  change  the  output  of  the  active 
probe.  For  larger  flow  rates,  however,  the  use  of  a  dunmy  probe, 
or  as  suggested  in  connection  with  Fig.  12  and  in  connection  with 
low  input  impecance  devices,  the  use  of  two  active  pickoffs  is 
recommended ; 

e.  Several  observations  were  made  by  closing  one  of  the  sink  tubes,  it 
was  found  that  for  a  given  w,  tne  output  of  the  active  pickoff  does 
not  double  when  tne  entire  flow  is  directed  into  one  sink  tube.  On 
the  contrary,  the  output  drops  sharply.  This  is,  obviously,  due  to 
drastic  alteration  of  the  radial  flow  near  the  center  of  the  sensor. 
It  is,  therefore,  reconmended  that  a  syrmetri  cal  ly  built  sensor  be 
used.  If  a  single  ended  sensor  is  desired,  its  closed  side  has  to 
be  modified  considerably  to  provide  a  streamlined  conical  transition 
toward  the  s i nk  tube ; 

f.  Finally,  extensive  measurements  were  made  to  determine  the  effect  of 
mass  flow  through  the  pickoff  on  the  sensor  output  by  connecting  the 
device  to  a  specially  designed  proportional  amplifier.  It  was  found 
that  rates  of  rotation  as  low  as  one  degree  per  second  could  be  de¬ 
tected  with  significant  pressure  and  flow  gains.  Experiments  are 
being  continued  on  the  operation  of  the  sensor  with  a  staging 

ampl i f ier . 
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NOMENCLATURE 


a  distance  to  the  center  of  the  pickoff  nole  (see  Fiq.  7) 

d  naif  width  Detween  the  two  coaxial  disks 

c  radius  of  the  pickoff  tube 

E  viscous  efficiency  of  the  sensor,  r r/ r 

f(n)  a  function  in  the  boundary  layer  streair  function 

K  ,  4  constants 

n  an  index 

p  pressure 

p  ambient  pressure 

Q  total  flow  rate,  Q  =  4*R  DU 

r  radial  distance,  r  =  R  -  x 

rpo  radial  distance  to  the  center  of  pickoff  hole 

r3  radius  of  sink  tube 

Ro  radial  distance  to  porous  coupling 

Re  Reynolds  number,  Qb/vR^ 

u  radial  velocity  in  the  boundary  layer 

U(x)  radial  velocity  in  the  potential  flow  region 

Ug  radial  velocity  at  the  coupling 

U3  average  axial  velocity  in  the  sink  tube 

v  absolute  tangential  velocity 

vrt  relative  tangential  velocity 

w  axial  velocity 

x,  y,  z  coordinate  axes,  R  -  x  =  r  (see  Fiq.  5) 
r  vortex  strength  at  the  coupling 

rr  vortex  strength  at  radial  distance  r 

6  boundary  layer  thickness 

6*  displacement  thickness 

c  a  parameter 

t  r/R0 

n  s i mi  1  ari  ty  parameter 

e  angle  measured  from  the  front  stagnation  point 

u  dynamic  viscosity  of  fluid 

v  kinematic  viscosity  of  fluid 

o  density  of  fluid 

t  shear  stress 

t  t  tanqential  component  of  the  shear  stress  on  the  disk 
y  boundary  layer  stream  function 

uj  angular  velocity,  rad/sec  unless  specified  otherwise 
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F  igure 


Experimental  vortex  chamber. 


Figure  2.-  Lower  housing  shoving  threaded 

support . 


Figure  3-~  Interchangeable  felt  washers  and 
exhaust  por^s. 


Figure  t . -  Flow  ungle  a  of  the  streamline 
relative  to  the  chamber. 


\  *  1 

* 


Figure  >•-  Effect  of  variation  of  plate  spacing 
on  tan  (clq  2)  as  a  function  of  relative 

radius  k.  P  =  0.15  c  (6  in.); 

=  6.6  x  lC-11  rr. Vs;  a.  =  6c  deg/s. 
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Figure  6.-  Effec*  of  variation  of  coupling  ele¬ 
ment  radius  on  tan^a^  2)  as  a  function  of 

He/nolds  number. 


Figure  6.-  Concluded. 
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Figure  8.-  Effect  of  flow  rate  on  tan(a^  2) 
versus  Reynolds  number. 
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tan(a^  2)  versus  Reynolds  number 
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Figure  9*-  Concluded. 


Figure  10.- 


(a)  -2-  «  3  J>2u. 

hv 

tat.  clq  2)  versus  Reynolds  number 

D 

lor  constant 


'  't 


0/ 


/- 


/  * 

*- _ 


(b)  =  6648. 

hv 


Figure  10.-  Concluded. 
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Figure  11.-  Variation  of  tan^a^  2) 

for  other  values  of  the  parameters. 


Figure  12.-  Variation  of  tan^aQ  2y  with 
for  other  values  of  the  parameters. 


Figure  1J.-  Variation  of  tan^a^  ^) 

for  other  values  of  the  parameters. 
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PHOTOVISCOUS  FLOW  VISUALIZATION  IN 
FLUID  STATE  DEVICES 

Endre  A.  Mayer* 


Abst  ract 


Photo  v  i  •  c  o  •  it  ,  *•  *n  excellent  flow  v  isu  l  *  i  a!  ion  technique  4  opl.c  ib'.r  to  a  variety  of  fluid  stile  com¬ 
ponent!  A  number  of  liquid*  exhibit  double  rr  f  rut  rig  proper  in  which  irr  a  function  of  the  v  1 1  c  out  ihnr 
•  t  rru  ntrted  on  .he  liquid  The  vucoai  sheer  »  pr  <ri po  r 1 1  on e  I  to  the  velocity  gradient  n  liquid**  and  the 
interference  pattern  ti  thu#  a  function  of  the  f’ow  field  The  photoviicoji  art  w*s  advanced  •  ignlfic  ant  ly  by 
F.  A  Peebles,  et  al  .  in  19^5  by  reporting  m  detail  on  the  photovitcou*  properties  of  a  Milling  Yellow  Dy« 

(MYD)  *olution  The  MYD  solution  11  highly  sensitive  easy  to  prepare  and  handle,  and  .he  viscosity  *  similar 
io  that  of  hydraulic  oils  These  properties  made  the  MYD  a  desirable  solution  for  photovitcou*  studies.  Ad¬ 
ditional  significant  milestones  in  the  use  of  phot  o  v  .  s  c  os  it  y  with  apprnpr  ate  references  are  listed  in  the  paper. 

Typical  results  of  photoviscout  studies  in  noise  investigation  of  proportional  Jet  deflection  amplifier  de¬ 
sign  are  Shown.  The  switching  transients  of  wall  attachment  let  devices  are  demonstrated  for  straight  a  nd 
cupped  splitter  designs  The  demarcation  between  laminar  and  tjrbulrnt  Mow  regimes  may  be  seen  in  the 
various  still  pictures  The  flow  interaction  between  the  tangential  control  Jeto  and  the  radial  supply  flow  in 
vortex  chambers  of  different  designs  is  also  demonstrated  at  various  level*  of  vorticity  in  the  vortex  chamber. 

INTRODUCTION 

Photov  iscos  lty  offers  an  excellent  flow  visualization  technique 
.applicable  to  a  variety  of  ftuid  state  components.  Phot  ov  iscos  lty  is 
very  similar  to  the  photoelastic  technique  used  in  the  study  of  stress 
distributions  of  complex  structures.  The  common  principle  is  the 
stress  or  shear  related  double  refraction,  or  birefringence,  found  in 
certain  materials.  Double  refraction  in  liquids  was  discovered  by 
J .  C .  Maxwell  in  1866^)  using  Canada  balsam.  Maxwell  described  a 
method  of  quantitative  investigation  of  the  relation  of  viscous  shear 
and  double  refraction  in  liquid. 

Maxwell's  method  was  later  used  by  many  succeeding  investigators 
of  photov  iscos  lty.  The  apparatus  is  shown  in  Figure  1.  The  fluid  under 
study  is  between  two  concentr.c  cylinders.  One  of  the  cylinders  may 
be  rotated  at  a  desired  speed,  thus  imparting  to  the  fluid  laminar  shear 
stresses  of  controlled  magnitude.  Monochromatic  or  white  light  is 
passed  through  the  polarizer  before  entering  the  fluid  under  investiga¬ 
tion.  The  light  leaving  the  fluid  is  observed  through  the  anaivzer  a 
second  polarizing  device.  The  axis  of  polarization  of  the  polarizer 
and  analyzer  are  crossed  at  90  degrees;  at  zero  velocity  no  light  passes 
through  the  polariscopc.  If  a  photoviscous  fluid  is  used,  as  th<*  rota¬ 
tional  velocity  of  the  cylinder  is  increased  a  band  of  light  becomes 

Staff  Engineer.  Energy  Conversion  and  Dynamic  Controls  Laboratory 
Bendix  Research  Laboratories.  Southfield.  Michigan 
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Figure  1  -  Schematic  of  Maxwell's 
Photoviscous  Test  Setup 


visible  Further  increasing  of  the 
rotation  of  the  cylinder  produces 
additional  bands  of  light,  or  fringes. 
Rotating  both  the  polarizer  and 
analyzer  together  will  result  in  the 
disappearance  of  the  fringes  when 
the  axis  of  either  the  polarizer  or 
analyzer  is  lined  up  with  the  direc¬ 
tion  of  the  shear  force  in  the  liquid. 

THEORY  OF  PHOTOVISCOSITY 

The  optical  behavior  of  the 
photoviscous  fluid  is  very  similar 
to  phot  oe  la  s  t  ic  it  y  **’  ^  The 

intensity  of  light  transmitted  through 
the  polarizer  is  defined  by  Malus' 
Law 


where  0  is  the  angle  between  the 
optical  axis  of  the  polarizer  and 
a na 1 y  z  e  r 


r’notoviscous  lest  oetup  Four  basic  phenomena  are 

known  to  produce  polarized  light 

Double  refraction  or  birefringence.  Reflection.  Light  Scattering  and 
D  i  c  h  r  o  i  s  tn  .  Light  entering  a  birefringent  material  refracts  into  two 
distinct  beams  One  of  the  two  beams  follows  the  law  of  refraction 


established  for  materials,  and  is  called  the  ordinary  beam  The  other 
beam,  the  extraordinary  beam,  deviates  from  the  law  of  refraction. 
Both  beams  are  polarized  with  the  axis  of  polarization  90  degrees 
between  the  two  beams  In  certain  crystals,  one  of  the  two  beams  is 
almost  completely  absorbed  in  the  material  These  crystals  are  the 
dichroic  polarizers 
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The  two  most  widely  used  polarizers  for  photoviscous  and  photo¬ 
elastic  investigations  are  the  Ni^ol  prism  and  Polaroid  sheets  The 
polarization  of  the  Nieol  prism  is  based  on  birefringence  and  that  of 
the  Polaroid  sheet  is  based  on  dichroi  rn.  The  N'icol  is  a  very  efficient 
polarizer,  however  large  area  polarizers  are  difficult  and  expensive  to 
make  Tie  coilimation  of  the  light  path  with  additional  optical  elements 
is  required  if  a  Nicol  is  to  be  used  as  a  large  art  a  polarizer  For 
photoviscous  flow  visualization  large  area  Polaroid  sheets  provide  in¬ 
expensive  means  of  polarization 

In  birefringent  materials,  the  propagation  of  light  is  not  uniform, 
and  occurs  in  two  directions  designated  as  the  principal  vibration 
directions.  When  birefringent  material  is  placed  in  a  polanscope,  as 
shown  in  Figure  2,  the  beam  from  the  polarizer  is  separated  into  two 
components  along  the  principal  axis  (A,B)  of  the  birefringent  material. 
The  two  components  transmitted  in  the  plane  of  the  analyzer  (aj  and  a^) 
may  not  be  equal.  The  intensity  of  the  light  transmitted  through  the 
analyzer  will  depend  on  the  optical  properties  of  the  birefringent 
material,  the  thickness  of  the  material,  the  wavelength  of  the  light  and 
the  orientation  of  the  birefringent  material  By  rotating  the  birefringent 
material  in  Figure  2  until  the  optical  axis  A  is  aligned  with  either  the 
axis  of  the  analyzer  or  the  polarizer,  the  transmitted  light  intensity 
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Figure  2  -  Polarized  Light  Transmission  in  Birefringent  Materials 
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is  reduced  to  zero  The  lines  of  zero  intensity  thu6  obtained  are  called 
isoclinics.  The  amount  of  birefringence  in  a  photoviscous  liquid  is 
defined  by  Maxwell's  Law 

dV 

A  n  =  n  -  n  -  Mfi  -  t  ( Z ) 

e  o  dS 


where  n,,  nQ  are  the  two  indexes  of  refraction,  M  is  the  Maxwell  con¬ 
stant,  p  is  the  viscosity,  dV/dS  is  the  velocity  gradient  and  t  is  the 
optical  path  in  the  liquid. 

The  Maxwell  constant  for  most  photoviscous  liquids  is  of  the 
order  of  10"^  A  more  convenient  unit,  the  fringe  value  (N)  may  be 
used  to  designate  the  photoviscous  property  of  the  material. 


N  =  -  t 
n 


dV 

dS 


(3) 


where  n  is  the  number  of  fringes  observed. 

The  orientation  of  stress  and  the  principal  optical  axis  are  closely 
aligned  in  the  materials  used  in  photoelastic  investigations.  The  sensi¬ 
tive  photoviscous  liquids  exhibit  nonlinearity  in  this  respect,  the  angle 
between  the  optical  axis  and  the  viscous  shear  is  a  function  of  the  value 
of  shear. 


PHOTOVISCOUS  FLOW  VISUALIZATION 

A  large  number  of  liquids  exhibit  some  degree  of  photoviscosity. 
In  most  of  the  liquids  the  amount  of  birefringence  is  too  small  to 
develop  the  first  order  of  fringe  at  velocity  gradients  of  interest  in 
hydraulic  research. 

Liquids  with  low  photoviscous  sensitivity  require  point  by  point 
evaluation  of  the  amount  of  birefringence  by  optical  compensation 
techniques.  The  pure  liquids  with  low  sensitivity  have  more  linear 
physical  characteristics,  the  optical  ax‘'5  have  a  fixed  relation  with 
the  direction  of  shear,  Maxwell's  constant  is  independent  of  the  value 
of  shear,  and  the  behavior  of  the  fluid  is  more  Newtonian  --  the 
viscosity  is  independent  of  the  shear  force. 

Liquids  with  much  greater  optical  sensitivity,  a  factor  of  about 

Q 

10,  are  colloidal  solutions.  The  early  photoviscous  work,  both  quali¬ 
tative  and  quantitative,  is  well  summarized  by  Prados  and  Peebles. 
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A  review  of  the  various  theories  proposed  to  explain  the  double  refrac¬ 
tion  phenomena  in  fluids  is  given  by  Jerrard.!')  Vanadium  Pentoxide 
solutions  were  used  by  Humphrey  in  192  3!^),  indicating  the  demarcation 
b ’tween  laminar  and  turbuleit  flow.  Bentonite  solutions  were  extensively 
used  by  Hauser  and  Dewey!^)  around  19*40  to  visualize  dynamic  flow 
around  complex  model  shapes  such  as  various  automobile  body  designs 
both  with  monochromatic  and  white  lights  Further  experiments  planned 
to  use  bentonite  solution  are  presented  by  Rosenberg!  in  1952. 
Rosenberg  includes  a  detailed  bibliography  and  summarizes  the  non- 
linearities  involved  in  the  use  of  colloidal  solutions  for  flow  visualiza¬ 
tion  A  comprehensive  evaluation  of  the  birefringent  properties  of  59 
liquids  is  given  by  Welle  r .!  ^  *•  On  the  basis  of  measurements  using 
an  apparatus  of  Maxwell's  general  design,  Weller  selected  a  solution 
of  Fthyl  Cellulose  for  flow  visualization  studies 

The  discovery  of  the  photoviscous  properties  of  Milling  Yellow 
Dye  Solution  (MYD)  by  Peebles,  et.  al.(^)  gave  a  sensitive,  stable, 
inexpensive  and  non-toxic,  non-corrosive  liquid  for  flow  visualization 
studies.  The  properties  of  the  solution,  birefringence  and  viscosity 
arc  published.!^)  Quantitative  two-dimensional  flow  analysis  may  be 
conducted  using  MYD  and  photoviscous  techniques.  Quantitative  tech¬ 
niques  are  demonstrated  by  PradoslM  for  flow  between  parallel  channels, 
converging  and  diverging  sections  and  flow  about  a  cylindrical  obstacle 
in  a  rectangular  flow  channel.  The  quantitative  measurements  require 
point  by  point  numerical  integration  and  correction  for  the  misalign¬ 
ment  between  the  shear  direction  and  the  optical  axis  of  the  MYD 
solution.  The  procedure  is  moderately  complex  and  laborious  particu¬ 
larly  for  the  more  complex  flow  patterns  found  around  obstacles.  The 
quantitative  photoviscous  technique  applies  to  two-dimensional,  laminar 
fl ow  only . 


PHOTOVISCOUS  INVESTIGATION  OF  FLUID  STATE  DEVICES 

The  photoviscous  flow  visualization  techniques  are  very  well 
suited  to  the  general  two-dimensional  flow  fields  encountered  in  fluid 
state  devices.  Quantitative  results,  such  as  velocity  profiles,  are 
obtainable  from  photoviscous  studies  using  a  moderately  complex  pro¬ 
cedure  and  close  control  on  solution  concentration  and  temperature. 

In  the  study  of  fluid  state  devices,  the  major  advantages  offered  by 
photoviscous  flow  visualization  are  realized  in  the  simple  semi- 
quantitative  study  of  dynamic  flow  changes.  Photoviscous  flow 
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visualization  allows  the  operation  of  closed  units  at  or  near  design 
condition,  thus  dynamic  performance  details  may  be  directly  observed 
or  photographed.  The  following  selected  examples  of  flow  patterns  are 
shown  as  typical  of  results  obtainable  with  a  minimal  optical  system. 


TEST  SETUP 

The  schematic  of  the  >  e  s  t  setup  is  shown  in  Figure  3 .  White  light 
was  used  for  all  visualization  tests,  because*  the  color  fringes  provided 
a  stronger  visual  contrast  Polaroid  sheets  were  used  both  for  the 
polarizer  and  analyzer.  During  the  experiments  the  use  of  polaroid  eye 
glasses  was  found  to  be  a  convenient  expediency  to  examine  three- 
dimensional  flow  patterns,  such  as  the  vortex  chamber  outlet  flow. 

The  lack  of  optical  alignment  was  not  seriously  affecting  the  examina¬ 
tion  of  the  flow  quality  in  this  case. 

The  fluid  system  included  a  pressurized  supply  tank,  an  open 
drain  container,  two  liquid  pressure  regulators  and  the  required  valving. 


POLARIZER  ANALYZER 


\  / 


Figure  3  -  Photoviscous  Experiment  Setup  -  Schematic 
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Both  Kodachromc-  II  Ph.otoflood,  and  Ektachrome  Photoflood  color 
films  were  used  with  equal  success  to  take  16mm  movies  The  expo¬ 
sure  of  the  film  was  established  for  the  various  light  intensity  conditions 
using  still  color  pictures  taken  with  Folaroid  color  film  and  correcting 
the  exposure  for  the  differences  in  film  speeds. 


PREPARATION  OF  THE  MILLING  YELLOW  DYE 

The  MYD  solution  was  prepared  as  described  by  Peebles,  et.al.^^ 
Powder  form  of  the  dye  of  commercial  Milling  Yellow  Dye,  MYNGS, 
purchased  from  Allied  Chemical  Corporation,  was  mixed  with  distilled 
wa^er  to  give  a  one  percent  solution  by  dry  weight.  The  solution  then 
A'as  boiled  until  a  dye  concentration  of  about  1.4  percent  was  reached 
The  birefringence  of  the  slowly  cooled  solution  was  tested  by  inserting 
a  sample  between  crossed  polarizers  and  checking  for  interference  by 
gently  stirring  the  liquid. 

The  viscosity  of  the  prepared  MYD  solution  is  similar  to  that  of 
Mil  5606  hydraulic  oil,  thus  pressure  and  flow  conditions  existing  in 
hydraulic  systems  will  be  nearly  duplicated  in  the  photoviscous  flow 
visualization  tests . 


TEST  RESULTS 

Flow  visualizations  were  conducted  on  proportional  jet  ampli¬ 
fiers,  jet-on-jet  bistable  elements  with  straight  and  cupped  splitter 
designs  and  vortex  chambers  of  several  different  configurations.  The 
use  of  white  light  for  illumination,  and  the  lack  of  light  transmission 
of  the  MYD  solution  in  the  blue  spectral  zone  gives  the  same  order  of 
fringes  as  reported  by  Thurston^'’): 

Fringe  Order  Color 

0  Black 

1  Yellow 

Z  Red 

3  Green 

4  Yellow 

5  Red 

6  Green,  etc. 


Typical  fringe  patterns  observed  in  a  plastic  proportional  jet  amplifier 
are  shown  in  Figure  4.  The  control  pressure  applied  to  the  left  port 
is  gradually  increased  from  frame  (a)  through  (d)  The  two  large  area 
vents  were  unrestricted  but  not  submerged  In  frame  (a),  the  flow  leaving 
the  vents  was  nearly  zero;  however,  there  is  strong  evidence  of  circula¬ 
tion  and  vortex  formation  in  the  vent  zones  adjacent  to  the  free  path 
of  the  power  jet  Integration  of  the  recirculating  flow  with  the  power  jet 


Figure  4  -  Effect  of  Single  Control  Input  on  the  Flow  Pattern  of  a 
Proportional  Jet  Amplifier.  Power  Nozzle  0.020  inch 


(a)  BOTH  CONTROL  (b)  SINGLE  CONTROL 

JETS  FLOWING  JET  FLOWING 


Figure  S  ~  Reduction  of  Vent  Turbulence  Through  Flow  Issuing 

from  Both  Control  Jets 
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results  in  noise  and  instability  of  the  power  jet.  Under  certain  conditions 
the  turbulent  flow  may  be  eliminated,  as  shown  in  Figure  5.  The  flow 
provided  by  both  of  the  control  jets  "washes  away"  the  turbulence  in  the 
vent  zone.  The  elimination  of  the  turbulence  reduced  the  random  pres¬ 
sure  fluctuation,  or  noise,  in  the  two  output  legs. 

The  flow  pattern  during  a  switching  transient  of  a  jet-on-jet  flip- 
flop  is  shown  in  Figure  6.  The  dark  "brush"  near  the  power  jet  is  the 
high  velocity  core  of  the  power  jet,  and  indicates  a  zero  order  fringe. 

The  device  operated  totally  submerged.  The  low-  velocity,  laminar 
entrainment  flow  is  evident  in  both  the  vent  region  and  the  low  pressure 
output  leg.  The  turbulent  flow  in  the  high  pressure  output  leg  is  bright 
yellow.  The  power  flow  switch  is  completed  between  the  frames.  The 
following  frames  indicate  the  slower  i  'ublishment  of  the  entrainment 
flow  in  the  opposite  leg. 

The  flow  pattern  of  a  flip-flop  with  a  "cusp"  type  splitter  is  shown 
in  Figure  7.  The  "memory"  of  this  type  of  unit  is  normally  much 
greater  than  the  memory  of  units  with  a  straight  tplitter  design.  This 
difference  in  the  strength  of  attachment  is  very  noticeable  at  lower 
supply  pressures.  The  flow  in  Figure  7  is  essentially  in  the  laminar 
flow  range.  The  transfer  of  the  attachment  is  aided  by  the  splitter 
"cusp". 

Figure  8  shows  the  flow  condition  in  the  chamber  of  a  vortex 
valve  in  radial  and  vortex  flow  pattern.  The  vortex  valve  had  the  tan¬ 
gential,  or  control  flow,  injected  at  a  single  location,  and  the  asymmetry 
of  the  flow  pattern  is  noticeable. 

The  effectiveness  of  control  flow  injection  in  vortex  chambers 
is  shown  in  Figure  9.  This  particular  vortex  valve  has  four  control 
injectors  and  a  large  number  of  radial  supply  ports.  The  radial  flow 
pattern  is  very  uniform  At  slight  tangential  bias,  the  low  velocity 
control  jets  do  not  reach  the  complete  circumference  of  the  vortex 
chamber,  and  segments  of  straight  radial  flow  are  in  evidence.  At 
larger  control  pressures,  the  vortex  flow  covers  the  complete  chamber. 
r  low  turbulence  is  in  evidence  at  the  mixing  of  the  radial  and  tan¬ 
gential  flow  regions. 

A  similar  sequence  is  shown  in  Figure  10,  but  the  mixing  region 
between  radial  and  tangential  flow  is  modified  to  reduce  the  turbulence 
level.  Significant  improvement  is  evident  in  the  reduction  of  the  strong 
eddies  visible  in  vigure  9.  It  may  be  seen,  that  if  the  efficient  operation 
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Figure  6  -  Switching  Transient  of  a  Jet-on-Jct  Flip-Flop 


Figure  7  -  Switching  Transient  of  a  Flip-Flop  with  'Cusp"  Splitter 
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Figure  8  -  Radial  and  Vortex  Flow  Pattern  in  a  Vortex  Valve 


*  *01*1  HOW  SLIGHT  TANGENTIAL  BUS  SIGNIFICANT!  ANGCN  T  IAl  BIAS 

Figure  9  -  Vortex  Chamber  Flow  Pattern  with  Four  Tangential  J 


RADIAL  F10W  SLIGHT  TANGENTIAL  BIAS  SIGNIFICANT  TANGENTIAL  BUS 
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Figure  10  Turbulence  Reduction  in  a  Vortex  Chamber  with 

Redesigned  Zone 


*  8  700  .  18700 


of  the  vortex  valve  at  low  vorticity  is  important,  additional  tangential 
J»*t  are  required  to  cover  the  circumference  of  the  vortex  chamber 
shown 

The  above  examples  were  selected  to  illustrate  the  application  of 
photoviscous  flow  visualization  to  a  few  of  the  typical  two-dimensional 
flow  situations  observed  in  fluid  state  devices.  The  simple  qualitative 
examples  indicate  how  the  technique  may  be  used  to  analyze  and  further 
the  understanding  of  noise  and  turbulence  propagation  within  fluid  state 
units.  The  photoviscous  flow  visualization  may  be  extended  in  this  field 
by  the  addition  of  high  speed  motion  picture  photography.  In  particular 
instances,  it  may  be  desirable  to  extend  the  technique  to  quantitative 
analysis  of  the  velocity  distributions  as  described  in  references  cited 
Particular  dynamic  flow  condition  may  be  investigated  using  photo¬ 
electric  transducers  to  record  light  intensity  fluctuations  at  a  point  of 
particular  interest. The  examples  of  photoviscous  flow  visualization 
highlight  a  very  simple  and  powerful  method  complementing  other  flow 
visualization  techniques!  used  in  th.'’  fluid  amplifier  field 
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TWO  DIMENSIONAL  TURBULENCE  AMPLIFIER 


I  .  Introduction 

Large  and  complex  logic  circuits  use  considerable  power  .  The 
power  consumption  can  be  minimized  by  reducing  the  power  consump¬ 
tion  per  stage,  and  the  number  of  stages.  One  way  to  achieve  these 
goals  is  to  use  turbulence  amplifiers,  with  their  low  flow  rates  and 
low  power  jet  pressures,  and  their  ability  to  accept  a  large  number  of 
inputs  without  interaction. 

Heretofore,  turbulence  amplifiers  have  been  manufactured  in 
three  dimensional  configurations,  requiring  e’aborate  interconnecting 
manifolds  of  tubing  when  assembled  into  logic  packages.  Reliability 
consideration  dictate  an  integrated  structure  for  use  in  military 
equipment.  In  order  to  demonstrate  the  feasibility  of  using  turbulence 
amplifiers  in  military  structures,  with  the  attendant  savings  in  power 
and  circuit  complexity,  it  is  necessary  to  produce  the  same  "solid 
state"  manifolds  as  is  used  by  jet  deflection  and  boundary  effect 
amplifier  circuits  . 

This  report  describes  the  development  and  demonstration  of  a 
turbulence  amplifier  "and"  gate  in  "optiform". 
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II  .  Prinrif  les  of  F  .:bu  If 


•  ■  Amplifier 


A.  Bail-  Operation  of  Turb^l*  :  >  Ampli'ier 

F  ho  Turbo  lenze  Ar  ; ,  1 1 :  i .  •  r  o  *  x  <  i  t  *  *  uy  .  .1:.  ,  a  conti  )1  1  jnal  to 

switch  a  pov/< •  i  jot  fro:;.  1  larrar  ir  flow  o:  t ion  to  a  turbulent  flow 
condition.  The  power  j«  t  1  ,  trum  a  power  nozzle  as  a  larr.mar 

Jet,  and  impinges  upon  a  receiving  aperture  while  still  laminar 
when  it  is  undisturbed.  In  such  a  condition,  considerable  pressure 
can  be  recovered. 

When  an  appropriate  input  si  ;nal  appears  ,  near  the  power 
nozzle  exit,  the  jet  will  become  turbulent  before  reaching  the  re¬ 
ceiving  aperture  .  Sure  the  spread  rate  of  a  turbulent  jet  is  much 
greater  than  that  of  a  laminar  j (  t ,  a  considerable  reduction  in  out¬ 
put  pressur  ■  will  be  experienced.  The  relationship  between  input 
pressure  and  output  pressure  is  shown  in  Figure  1,  for  the  general 
class  of  Turbulence  Amplifiers  . 

B.  Amplification  in  the  Boundary  Laver 

The  boundary  layer  surrounding  the  immersed  jets  used  in 
Turbulence  Amplifiers  can  attenuate  or  amplify  any  instabilities 
existing  in  it,  depending  on  the  Reynolds  Number  of  the  jet.  The 
amplification  and  attenuation  regions  are  separated  by  a  neutral 
stability  curve.  r  ne  example  of  uch  a  curve  is  shown  in  Tigure  2. 

This  curve  indicates  a  critical  Reynolds  Number  of  five  for 
amplification  in  a  jet  far  from  the  source  nozzle.  Further  discus¬ 
sion  of  this  curve,  and  the  significance  of  Reynolds  Number  is 
given  below. 

C.  Transition  to  Turbulence 

The  amplification  mechanism  exists  in  the  boundary  layer. 

The  signal  whicn  is  amplified  is  a  dist  rbance  in  a  pseudostable 
boundary  layer.  The  boundary  layer  grows  at  the  expense  of  the 
regions  immediately  around  it.  When  disturbances  in  the  boundary 
layer  are  of  the  size  of  the  layer,  it  is  turbulent.  Such  turbulent 
boundary  layers  grow  very  rapidly,  quickly  consuming  the  laminar 
jets  they  are  associated  with,  so  that  the  entire  laminar  jet  is 
earned  into  turbulence.  Since  the  laminar  boundary'  layer  grows 


quickly,  the  jet  transition  is  rapid.  Once  tuioulent,  the  jet  n  - 
sipates  its  ener jy  in  the  immersing  medium.  Transition  to  turbu¬ 
lence  of  the  jet  is  closely  controlled  :  y  the  cnaracter  of  tne 
boundary  layer.  In  turn,  boundary  layer  transitions  depend,  on 
initial  disturbance  size  and  boundary  layer  jam.  Since  tne  jam 
in  the  turbulence  amplifier  mecnanism  is  very  lar  ;e .  mall  varia¬ 
tions  in  disturbance  signals  can  significantly  alter  th<  jet  transi¬ 
tion  point.  Since  any  real  fluid  will  nave  a  small  but  finite- 
variation  in  local  properties,  it  must  be  anticipated  that  the  trans¬ 
ition  point  will  move  relative  to  tne  power  nozzle  in  the  x-  hrection. 
Only  the  most  closely  controlled  jet  flows  and  input  signal  level 
can  reduce  this  transition  noi  e,  which  appears  as  ai  equivalent 
input  noi se  . 

D.  The  Significance  of  Reynolds  Number  for  Turbulence  Amplifiers 

The  existence  of  a  Reynolds  Number  dependent  neutral 
stability  curve  has  already  been  mentioned  earlier.  The  meaning 
of  Reynolds  Number  in  connection  with  turbulence  amplifiers  re¬ 
quires  some  clarification. 

Vxci 

In  pipe  flows,  Reynolds  Number  is  given  by  Re; —  where 

V  is  the  free  stream  velocity,  d  is  the  pipe  diameter,  and  0  is 
kinematic  viscosity  of  the  fluid.  A  critical  Reynolds  Number  has 
been  shown  by  experiment  as  high  as  2300.  This  means  that  with 
great  care  a  stable  laminar  flow  can  be  made  to  exi  t  at  Reynolds 
Numbers  up  to  this  value,  in  pipes. 

As  soon  as  the  jet  leaves  the  pipe,  however,  this  simplicity 
disappears.  The  jet  is  spreading  and  the  velocity  's  decreasing. 
Assuming  a  constant  momentum  flow,  M,  then  M  -  ^AV  -  ,  d  y 2 

7  4 

or  V  =  M  4  d  . 

R  =  Vd_  =  l  JyL.  x  _nL  =  x  -i- 

t>  \-d2  ^  s  d 

The  implication  is  that  the  Reynolds  number  drops  as  the  jet  ex¬ 
pands  . 

Unfortunately,  this  simple  picture  is  not  sufficient.  For 
slow  expansion  rates,  such  as  for  laminar  jets,  small  changes  in 
Reynolds  Number  should  be  anticipated.  For  large  rates  of  change 
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in  jet  width,  the  radial  velocity  component  becomes  significant, 
and  quickly  drives  the  jet  into  turbulence  .  It  seems  that  ’  .e 
critical  Reynolds  Number  must  depend  sharply  on  nozzle  cicsign, 
and  in  fact  very  low  Reynolds  Number  flow  from  short  nozzles 
can  produce  turbulent  flow  a  short  distance  from  the  nozzle  exit. 

Ill  .  Design 

The  Turbulence  Amplifier  design  must  take  into  account  a 
number  of  factors,  related  to  the  discussion  above.  This  section 
discusses  some  of  the  design  considerations. 

A.  Nozzle  Design 

A  high  gain  amplifier  must  be  operated  close  to  the  critical 
Reynolds  Number  for  pipe,  with  the  receiving  aperture  adjusted  in 
distance  from  the  power  r.ozzle  as  required  by  the  zero  signal 
transition  point.  Unless  sufficient  pipe  length  is  allowed  leading 
to  the  power  nozzle,  laminar  flow  will  not  be  achieved  prior  to 
the  power  nozzle  exit,  and  an  earlier  transition  to  turbulence  will 
be  experienced,  with  a  resulting  lower  amplifier  gain.  If  rules 
for  fully  developed  laminar  flow  in  pipes  is  followed,  then  a  good 
amplifier  will  result.  A  further  difficulty  may  arise  with  a  short 
nozzle  design;  a  unit  which  has  a  small  separation  between  nozzle 
and  receiver.  The  rapid  rate  of  spreading  of  a  turbulent  jet  may 
not  completely  eliminate  the  power  jet  core.  As  a  consequence, 
the  minimum  outlet  pressure  in  the  turbulent  state  will  remain 
higher,  producing  a  less  satisfactory  amplifier. 

When  high  gain  is  not  critical,  then  considerable  power  can 
be  saved  by  reducing  the  power  nozzle  length.  If  operation  at 
very  low  power  levels  is  most  important,  low  gain  staged  units 
may  be  more  economical. 

B.  Receiver  Configuration 

I  he  receiving  aperture  should  have  an  area  about  the  size  of 
the  power  nozzle.  Also,  as  much  open  space  as  feasible  must  be 
provided  on  all  sides  of  the  receiver  to  permit  easy  exit  of  flow 
which  is  not  captured.  Venting  near  the  receiver  is  mandatory. 

Any  resistance  in  this  area  reduces  the  effective  flow  rate,  re¬ 
ducing  gain,  and  increasing  power  consumption. 
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C  .  Control  Nozzles 


The  purpose  of  the  control  nozzle  is  to  deliver  a  turbulent 
flow  to  the  power  jet  near  the  power  nozzle  exit,  with  a  minimum 
of  power  consumption.  The  simplest  way  to  assure  this  is  to  use 
a  very  short  control  nozzle,  allow  the  control  jet  to  spread 
rapidly  to  the  power  jet  thickness,  and  use  as  small  a  nozzle  as 
is  consistent  with  available  recovered  pressure,  and  fan-out  re¬ 
quirements  . 

Because  power  consumption  in  a  nozzle  for  a  given  Reyi  olcis 
number  rises  as  the  required  driving  pressure  goes  up,  it  seems 
reasonab  a  to  use  large,  low  pressure  nozzles  at  very  low  flow 
rates  where  possible.  A  pressure  amplification  of  ten  (10)  is  well 
within  the  state  of  the  art  today  in  Turbulence  Amplifiers,  so  that 
larger,  low  pressure  models  can  be  used  where  space  permits. 

D.  Steady  State  Matching 

The  turbulence  amplifier  as  a  digital  circuit  element  can  be 
matched  to  a  load  in  the  following  manner. 

Elaborating  on  the  characteristic  curve  of  Figure  1,  a  series 
of  curves  are  plotted  which  give  the  pressure  output  of  the  demerit 
with  the  output  connected  to  one,  two,  or  more  controls  or  sub¬ 
sequent  units,  as  shown  in  Figure  4. 

For  purposes  of  an  example  a  similar  unit  with  a  single  out¬ 
put  is  to  be  used  as  the  load  (the  second  stage)  The  charac¬ 
teristic  of  this  unit  is  plotted  with  its  output  as  the  abscissa  and 
the  input  as  the  ordinate,  the  reverse  of  the  above. 

These  two  characteristics  are  superimposed  in  Figure  o  . 

The  operating  points  are  determined  as  follows:  Assume  a  fan-out 
of  1 .  A  control  pressure  Pa  is  applied  to  the  control  of  the  first 
unit.  The  output  of  the  first  unit  is  Px .  The  signal  Px  is  the 
control  pressure  for  the  second  stage.  The  second  stage,  with  a 
fan-out  of  1  will  have  an  output  of  i  y  .  Continued  iteration  of 
this  process  reveals  the  crossover  point  is  the  eventual  operat.ng 
point  of  a  cascade  of  elements. 

A  similar  process  can  be  repeated  for  a  control  signal  of  a 
pressure  greater  than  for  the  pseudostable  point  shown.  This  will 
show  the  operating  point  to  be  the  right  hand  crossover. 


Continuin')  with  the  example  shown  in  Fijure  b,  a  fan-out 
of  3  nas  only  one  crossover  anci  therefore  only  one  operating 
point.  It  is  not  bistable  in  all  cascade  conditions.  However, 
the  lack  of  t.itee  ro^sovers  does  not  preclude  its  use,  if  used 
with  discretion. 

In  conclusion,  superimposing  the  second  stage  and  first 
stage  relationships  snows  the  sequence  of  steady -state  operating 
conditions,  and  an  input  for  pseudostabi  lity  .  The  process  can 
oe  expanded  to  superimpose  curves  for  fan-outs  in  both  planes 
to  effect  a  universal  design  chart.  It  is  also  possible  to  plot 
the  input  outpu’  characteristics  of  the  element  for  a  variety  of 
output  load  orifices  so  that  the  designer  can  draw  in  a  specific 
load  condition  if  it  is  relatable  to  an  equivalent  orifice. 


Experiments 

A.  As  a  demonstration  of  the  turbulence  amplifier  in  a  flat  con¬ 
figuration,  an  'And"  gate  was  designed  and  constructed.  The 
silhouette  is  shown  in  Figure  7,  and  a  photograph  m  Figure  8. 

The  P+  manifold  supplies  power  to  the  nozzles  of  the  three 
amplifiers.  The  input  signals  are  applied  at  Pcl  and  ?c2  .  The 
output  signal  is  on  only  if  both  Pcj  and  Pc2  are  on.  If  eithei  is 
removed,  the  output  of  that  amplifier  increases  sufficiently  to 
effect  turbulence  in  amplifier  3,  turning  its  output  off. 

Taole  1  gives  the  results  of  tests  of  the  amplifiers  shown 
at  supply  pressures  of  0.4  to  .75  inches  of  water.  The 
associated  power  flow  and  the  outsat  pressure  for  the  on  and 
off  conditions  are  given  for  each  test.  The  ratio  shown  is  the 
ratio  of  these  pressures  which  is  liven  as  a  measure  of  peiform- 
ance.  The  power  dissipated  per  stage  is  as  low-  as  1.4 
milliwatts  .  The  data  of  Table  I  is  plotted  in  Figure  9. 

Tabic  1 


P  + 

.75 

.70 

.65 

.o0 

.55 

.  4  0 

in  H2O 

Q  + 

1  .35 

1  .30 

1.25 

1.20 

1.10 

.  90 

in3/SEC 

Off 

.12 

.  10 

.08 

.  08 

.07 

.04 

in  H2O 

On 

.48 

.  50 

2  .55 

.49 

.44 

.29 

in  H 2 O 

Ratio 

4.0 

5.0 

6 . 8 

6.1 

6.3 

7  .  2 

Pwr  . 

4.07 

3.67 

3.26 

2  .  90 

2.42 

1.45 

milliwatts 

Power  =  P 

("H20) 

Q  (IN3 

SEC)  x  4.03  x 

1 0  ”  3  Watts 

AND"  gate  Power  Consumption  Good  stability,  Dpen ,  In  Quiet 
Room,  Figures  are  supply  Pressures  in  H2O  . 
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Figure  8.  TUR5ULEKJCE  AMPLIFIES  IKJ  OPTIFORM 


B.  A  test  was  pertorrred  to  iftermin*1  the  maximum  nozzle 
Reynold's  number  wnicn  would  allow  laminar  f l  w  b'two-n  tnr* 
power  nozzle  anti  the-  output  nozzk  of  th*  BBC  **1732-2  turbu¬ 
lence  amplifier.  Figure  1  LA  is  a  ua  ;ram  of  the  test  apparatus. 
The  supply  pressure  (P ♦ )  wa  slowly  increased  anti  ’he  output 
pressure  (P 0 )  measured .  The  ontrol  jet  was  not  used.  Tne 
tabulated  results  are  shown  below  and  a  jraph  is  inci  itied  m 
Figure  10  . 
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(H20)  (PSIG) 


2  .00 

)  .0038 

1.75 

0 . 0032 

1  .  30 

0 . 002  H 

1.2S 

0.0029 

1.00 

0.0029 

0 . 7S 

0.0028 

0  .  SO 

0.0020 

Supply  pressure  for  maximum  laminar  flow  was  found  to  be  0-75 
inches  of  H2O.  The  Reynold's  number  associated  with  such  a 
pressure  drop  through  the  control  nozzle  was  appi oximately  900. 

C.  An  experiment  was  performed  to  determine  the  character¬ 
istic  curves  for  a  #1732-2  turbulence  amplifier  at  a  supply  pres¬ 
sure  of  0.75  inches  of  H2O.  The  apparatus  diagram  is  shown 
in  Figure  HE.  The  control  pressure  (Pr)  was  varied  and  both  Pc 
and  Pn  were  reco  ded.  This  test  was  repeated  with  loads  of 
1,  2,  and  3  control  nozzles  in  parallel.  The  tabulated  results 
are  shown  below  and  a  graph  is  included  in  Figure  12  and  13. 


Load 

(Orif  ices) 

Pc 

(PSIG) 

Po 

(PSIG) 

Loaa 

(Orifices) 

pc 

(PSIG) 

Po 

(PSIG) 

1 

0 

0.002b 

2 

0 

0 . 001b 

1 

0.005 

0 

0 

0 

0 

2 

0 .005 

0 . 0002 

1 

0.009 

0  .OOOo 

2 

0.009 

0 . 0009 

1 

0.003 

C  .00  12 

2 

0.003 

0.0007 

1 

0.002 

0 .00  lb 

2 

0.002 

0 . 0010 

1 

0 .001 

0.0099 

2 

0.001 

0.0022 
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L ja d  P  c  t 


(Orifice  s ) 

(PS  IO) 

(PS1G) 

3 

0 

(J .  oul2 

3 

0  .  J  0  a 

0 .0002 

3 

G  .004 

0 . 0004 

3 

O 

O 

0.000b 

3 

0.002 

C  .  0008 

3 

0.001 

0.0016 

E.  An  experiment  was  performed  to  c:<  '.ermine  the  operating  char¬ 
acteristics  of  the  *1732-2  amplifier  constructed  without  the  center 
dump  hole.  This  si  mplificjtion  would  resul"  in  a  reduction  in 
fabrication  time. 

Proper  supply  pressur*  was  investigated  using  the  method  outlined 
in  experiment  3.  The  tabulated  results  are  shown  below  and  a 
graph  is  include1,  in  Figure  14. 


0.25  0.025 
0.50  0.050 
0.75  0.050 
1.00  0.075 
1.25  0.085 
1.50  0.090 
1.75  0.110 
2.00  0.140 


It  was  very  difficult  to  determine  the  value  of  P+  which  would 
caust  the  air  flow  to  become  turbulent  at  the  output  nozzle. 
Characteristic  curves  were  determined  using  the  method  of  ex¬ 
periment  C.  The  tabulated  results  arc  shown  below  and  a 
graph  is  included  in  Figure  15. 


P+  =  0 .5  "H2O  P+  ^  o.O  '  H20 


0  0.00200  0  0.00250 
0.00280  0.C0035  0.00685  0.00035 
0.00210  0.00070  0.00500  0.00070 
0.00125  0 . 002  bO  0.00340  0.00140 
0.00085  0.00250  0.00240  0.00360 
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Tn*  hardct'-n  si  1  xr.v  ui  a  *17  JZ-2  amplif  ;<-r  wit  h  *  ru* 

damp  hold  at  .me:  c  per  atm  :  it  t  ♦  J  .  7  Hi  i  s  a  p<  •:  1 c  post'd 

on  Ti  jure  1  .  frns  ;r  iph  show  •  nat  ;f  .oca*  :«•  ;r<i  .  it  ion  m 

perform. 1-,  »•  oar.  be  toler  i '  *  • ' :  t  h*  *  durg  noie  ’.<•<•  :  not  b<  •  'ut 
mil  a  ;r<at  Ti  in.jb  n.  fahncnt.on  Mm**  m  b<  realiz'd. 


C  one  lu  sion : 

This  wo.  •  has  ldie  the  foundations  for  cireuit  design  in 
flat  Torres  with  turbulence  tc.plif  ler  s  .  It  has  shown  <3  erection 
to  follow  for  more  rigorous  evaluation  of  the  ba  in  irnplif ication 
mechanism.  There  is  no  lonaer  doubt  that  the  flat  confi  juration 
can  provide  low  power  circuitry  using  turbulence  amplifiers.  The 
present  models  were  manufactured  using  tne  Opt l form '  process. 

It  is  clear  tnat  ,ize  and  power  consumption  is  limited  only  by 
t  ^  space  r  quiren.ent  for  t..  ....  ..  ,  .  There  l  strong  evi¬ 
dence  ’hat  satisfactory*  -on! igurations  can  be  made  at  lower 
Reynolds  Humber,  with  an  attendant  decrease  in  size.  Tor 
"NOR"  logic  with  two  input  limits,  considerable  leeway  is 
available  in  circuit  design  to  permit  low  gain  digital  amplifier 
operation,  again  with  a  consequent  size  reduction.  Note  that 
one  particular  And"  gate,  for  which  data  is  presented,  was  op¬ 
erated  at  power  jet  Reynolds  Numbers  of  approximately  100. 
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aato  in  the  form  oi  discrete  level  s.j.naD  ,  in  ';.;s  Cc.'t  ,  .  .  ..  . 

signals.  On  the  oasis  of  this  definition ,  present  t-i^.c  c...  _ r.  .es 

are  construed,  with  tne  help  of  theoretical  v,xshch;.L.:  -uprw.  .oc  ~y 
test  results.  Extreme  ooundanes  are  placec  upon  s;  e-  o  nopau  .*.t  les  oy 
considerations  of  logic  requirements  on  one  none,  ar.c  p  rv.  jectea  Pure 
Flea  element  performance  capaoilities  on  tne  otner  r.ar.a  . 

Expectations  and  means  of  practically  feasible  future  spe-  a  im¬ 
provements  are  discussed,  such  as  element  ana  circuit  design, 
miniaturization  ana  power  levels,  pneumatic  meaia  ,  ana  lOjic  circuit 
methous  ,  with  respect  to  the  outlined  Douncanes  .  numerical  acta 
handling  applications  suited  to  Pure  Fluid  circuit  speea  capaoilities 
are  mentioned . 

The  oojective  of  the  discussion,  to  guiae  present  and  future  wotk 
into  realistic  channels,  is  recapitu  latea  in  the  summary. 


INTRODUCTION 


The  operation  of  Pure  Fluid  dig i ta  l  e lemer.tr  ,  i .  e  .  discrete  level 
switching  elements  and  amplifiers,  in  circuit?  ana  systems,  nas  oeen 
loosely  called  "digital."  However,  common  usage  oi  tne  word  digital 
in  this  connection  implies  numerical  cata  hanaling,  popularly  lcentifiec 
with  digital  computers.  Conflict  arises  from  tms  loose  definition  when 
so-called  digital  performance  capaoilities  are  quoted  which  are  applicaole 
to  particular  single  elements  under  unspectficc  conditions.  These 
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a r v i c u  i a r  o  1  e  n .  e  n ..  s  m a y  riot.  n  t._-  c  e  s  s  a  r  i  i  y  be  a  •  >  1  e  or  c v l  r  s  u  p-  p  b  o  *  u  o 
JjIuCl1  ss  numerical  iuiu  ,  .Sue.,  wrongly  generalized  Guici ,  eco  r.  aO;  >  r.ng 
or.,  riuwevt  r  .  r . .  r. t  l'.Vi.u.’.ui  ,  r: . .  s  r  e  p  r  e  s  e ; .  ‘  a  1 1  o  n ,  may  cause  ^  r.nec-  ssury 
problem:  at  a  idle*  Staje  Ol  Wjr  k. 

ij.gital  ua’a  r. uncling  s pee  a  capaoiLt.es  or  do  ;  .  a  m.  c..o  s  arc 
or.'.1  o t  .  r. c  mos  .  m  *  s  r.  c  e  r . . .  o  o  c  a  i.  a  at  . .. .  s a . u *  . . . . .  e  m  ...  . .  . * . . ^  a .  . 

performance  cri.eria.  i  .* . i r  Cur u ss.ur.  u . r* . s  .o  sneu  some  1  *  j r. .  on  t  n  e  s  e 
spceG  capabilities  a r.a  .nter.es  to  encourage  mean .  ngtu  1  pt-riorn.ar.ee 
specifications  on  one  nano,  a  r.a  critical  questioning  ui  j.  e  riorn.ar.ee 
specifications  on  me  otner  nana,  witn  respect  to  numer.cu.  cu’a  pro¬ 
cessing  with  Pure  Fluid  Circuits. 


DEFINITION’S 


For  the  purpose  of  tn.s  discuss. on,  " Digital  Data  iiar.oLr.  "  is 
defined  as  the  manipulation  of  in:  or  mat  ion  in  form  of  disc:  t<  i.^nerica  Ly 
defined  values  (a. gits),  wnere  "manipulation"  apy  lies  to  funcumcr.tal 
arithmetic  processes. 

Tms  definition  produces  the  manipulation  ot  aatu  in  form  of  con¬ 
tinuously  variable  frequencies,  pulse  wictr.s,  p  r.a  sc  shifts,  etc.,  ar.a 
of  course,  amplitudes,  evt  n  tnougn  some  o:  suc.n  inrorrr.at.on  nanaling 
nas  oeen  called  digital.  So,  tor  example,  intormation  contained  as 
frequency  in  the  continuously  variaole  oscillation  of  a  signa  1  is  not 
digital.  However,  tne  counting  of  such  oscillations  in  a  c.g.tal  countei 
Decomes  a  numerical  operation,  particularly  wnen  suc.n  counts  are 
furtner  processec  as  discrete  numerical  values.  Ncv<  rtr.eless,  the 
original  intormation  cocoa  as  a  trequency  or  repetition  rate  .s  not  recog¬ 
nizable  in  the  counter  until  reference  is  made  to,  for  example,  units  ot 
time  in  compatible  numerical  form. 

Tnese  definitions  become  very  important  ,n  tr.e  cons ;at  rat.cn  of 
tne  use  of  elements  ana  circuits  on  tne  basis  o:  t.v  tr  performance  char¬ 
acteristics.  Tor  example,  an  element  or  a  circuit  may  wolf  be  capable 
of  handling,  generating,  or  being  excited  by  .  .ynals  at  frequencies 
oraers  of  magnitude  higher  than  tne  max. mum  cig.t  rate  at  wnicn  tne  same 
aevice  is  able  to  process  numerical  mtormat.on.  Alternately,  a  aev.ee 
may  oe  able  to  operate  at  very  high  signal  trequencies,  out  handle  only 
narrow  oandwidths. 
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Fnese  cons.ai'roi^ns  u^.y  to  any  i-  ,  w  mm  r  •  .  . 

e lec trie <3 1 ,  a  lec t;  m ,  .c  ,  :  c-  i  .u to  .  ■ ,  ; •  •  •  .  .  . , ’  to 

Pure  FiuiC  Digital  Sy  terr..  ,  since  r  »■  • . .  m  o:>  o  :  n_  .  . 

to  oe  u 1 1 1 1 z e c  \<u  h a n c  1  e  error  it ^  c i  j » t . •  a  . r. t or m a 1 1 o n  t l. r. y  .  ■  . r <  a 
accuracy,  and  oocau  se  of  relatively  ic  oj  i.  r  a  t » n  j  space  o .  .....as 
which  place  many  applications  or  rl.r.e  twe.-n  leu  ..  ar.u 

not  feasible  aepenamg  on  tr.e  state-ol-t  .•  -art. 


SI  LTD  C A i 1 A ; 


:.o 


This  discussion  i  s  limiteo  to  c  .  g  1 1  a  1  cat  a  n  a  n  c  1 1  n  j  s  p  e  e  u .  1 1  n 

Pure  Fluid  (pneumatic)  circuits,  as  defmea  in  in.  preccamg  ct.or. . 

Propagation  Delay  -  Cir  cuits: 

Trie  most  important  criterion  war.  re  spec t  to  outo  r.or.  peec 

is  the  signal  propagation  time  ce lay  tu.uugn  any  part  of  a  <  .r 
whether  it  is  the  aelay  in  the  smallest  lengtn  of  a  char.ne.  ec'* 
through  a  simple  passive  or  active  element,  or  the  o<uay  in  a  complex 
circuit  or  even  a  complete  system. 

If  truly  parallel  handling  of  information  in  digital  form  were  ;  oss.- 
ble,  which  would  preclude  coding  of  any  sort  and  woulc  represent  fixed 
processing  of  arithmetic  in  a  oaselesr  fashion,  only  tigr.ul  celuys 
through  the  longest  path  would  need  cons lcoratior. .  Turin*,  r  mere  ,  if 
this  extreme  case  is  assumed  .u  operate  in  "open-loop"  moce ,  ev«  n 
this  propagation  aelay  may  no  consicerec  in.  levant  to  .ts  spe-  d  capa- 
uility  .  Unfortunately,  this  is  an  example  of  a  virtually  useless  method 
of  primitive  aata  processing,  analogous  to,  for  example,  accit.on  of 
signals  in  lines,  where  each  digital  signal  oelongs  to  one  lute  ar.c  there 
are  as  many  lines  as  there  are  signals,  i.e.  ,  a  oaseless  number  system. 
Whereas  such  systems  might  oe  aole  to  perform  some  arithmetic  pro¬ 
cesses  in  a  fixec  unchangeable  fashion,  they  cannot  seriOuSiy  Ou 
considered  to  provi  :e  arithmetic  capaoility,  nor  can  they  oe  consicered 
practical  or  economical.  However,  the  mention  of  this  tneoretica  lly 
extreme  case  clears  the  way  to  the  discussion  of  practical  system 
logic  requirements  and  their  effects  on  data  handling  speecs  . 

In  practice,  numerical  information  is  almost  always  contained  in 
coded  form,  whetner  an  artificial  coca  wan  arbitrarily  assigned  digit 
values  or  an  orderly  code  with  naturally  ensuing  cig.t  values,  accoraing 
to  some  strict  rules,  such  as  the  commonly  usea  decimal  positional 
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diagrams  of  simple  circuits  with  such  feedback,  and  cross-connections. 


Alsw,  teeaoace.  may  already  oe  recalled  tor  otnc-r  tr.an  urcnmetic 
functions.  Practical  systems  necessari.y  contain  a  .at  ;e  r.^mcer  of 
cross-connections  ana  feedoacc  p  a  *  r.  s  previa. n  j  "CARRY  t  r  «. /.ample 
(see  Fig.  1A),  to  compl  te  system  teecoacN  initiatm  repel,  t.va  or 
other  operaiior.s  tnrougr.  tr.e  whole  system.  Tr.e'.  c : ore  ,  practical 
systems  anc  circuits  comprise  many  small  loops  ar.c  otter,  operate  as 
complete  closec-loop  systems.  The  signal  propagation  celay  t  .me  in 
the  various  loops  is  a  major  criterion  of  the  speec  capaoility  :  :  a 
system,  as  ooviuusly  no  loop  may  a  tcept  a  new  sigr.a.  until  tne  original 
signal  has  propagated  completely  arour.  i  the  loop. 

Certain  logical  and  arithmetical  operations  may  oe  performed  m 
parallel  or  in  series  m  time,  thus  proviaing  advantages  o:  var.Ouu  mr.cs, 
However,  truly  parallel  aata  handling  in  the  strictest  sense  of  tne  wore 
does  not  provide  arithmetic  capaoility,  as  mentioned  before. 


Propagation  Delay  -  Flements: 

Considering  a  single  Pure  FU  id  digital  element,  suen  as  an  ampli¬ 
fier,  an  OR/ NOR  gate,  an  AND  gate,  etc.  ,  as  a  tunoa mental  ou.lo*ng 
clock  of  any  circuitry,  ana  assuming,  lor  the  sae<*  of  this  argument, 
that  no  suodivis .on  .nto  small*  r  units  witn  individual  specifiable  cnar- 
acteristics  is  necessary,  oasic  performance  criteria  may  oe  quoted  for 
suer,  a  fundamental  oloc /  or  element.  Tms  applies  to  a  Live  ana 
passive  elements.  However,  this  discussion  will  limit  itself  to  active 
elements  (powered  devices  providing  a  gain  TT  1),  since  they  represent 
a  majority  of  circuit  components  and  usually  provide  higher  overall 
circuit  speeds  and  less  propagation  celay. 

Elements,  as  aescrioed,  suitaole  for  compatiole  operation  in 
circuits  provide  a  varie’y  of  speed  characteristics  bet'ween  inputs  ana 
outputs.  The  signal  propagation  delay  time  through  such  an  element  is 
considered  here  as  the  speea  cr. tenon.  Measurements  and  theoretical 
considerations  have  shown  a  range  of  propagation  delay  times  of  the 
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1  ms  per  divi  s  ton 


Fig.  2  Propagation  Delay  Time  Measurements 


Figure  2  snows  two  propagation  aelay  time  measurements  t.nrough 
such  typical  amplifier  (logic)  elements.  Delays  of  one  quarter  ana  one 
milhsecor.il  respectively  □  :<  ..ocicated  in  tr.ese  oscilloscope  true*  s  for 
different  conon.ons.  However,  rise  times  oetwoor.  ..5  ana  2.C  milli¬ 
seconds  are  mcicatea,  largely  cue  to  nigh  capacitance  terminal  cr.anneis 
Rise  times  of  tne  order  ef  tne  propagation  aelay  time  are  ontaincole  witr. 
suitaole  connecting  channel  cesign,  Tne  measurements  shown  nere  weri 
aimed  at  propagation  aelays  only. 


Size,  Power  Level,  Fluic  Mea.um: 


If  tne  length  of  the  digital  element  from  control  nozzle  to  exit 
aperture  is  L,  then  the  time  elapsed  in  signal  transmission  is  L  , 

V 

wnere  V  is  the  signal  velocity.  ,\'o  delaying  effects  as  ice  from,  transit 
delay  are  considered  here.  Since  the  general  digital  circuit  will  involve 
feeaoack,  the  feedoack  will  involve  at  least  another  L  delay,  or  a  total 

V 
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delay  of  “ 


i  n  i  s  s  i  t  u  a  *  i  o  n  is  illustrated  .  : .  1  .  j  ^ •_• 


i  ,  .  > .  ■  .  ■  j 


O  l  .  ,  ,  1  .  I 


FEEDMCK 

LOOP 

LENGTH  ZL 


riGf.  .3 


runs- 


ij '/  cj y  vv !  4  i  * s  r-  : . , 
cr.o  ,  :  *rr  4  ,  ,e’ 

•  •If  m*. •  p. !  a  .  r.  :  •  ■ : o'. : 
v.  u  .«r.  -1»t.  .  ;  w.-r 
4  1  ^  *v  .  O  .  vj  ' ,  .* 1  tTu:  n  v 

niU  j /  i;1.  v„  C  4  t  .  4  ,  .  SlZc. 

•J y  S  *ni>-  ii  vj c XT •  c_  . *  a c 0  i 

13  c  o  » i  r  *  vj  r  j  4us  . 


Thus,  if  W  is  the  nozzle  wiath ,  the  length  rr.oy  r  15V.  ,  ;••  ••  j..uck 

loop  may  oe  3GV\  long,  ana  total  delay  w.H  oe  '  V.  .  On  : : . •  :ace  ot 

V 

it,  then,  a  recuction  to  1/1  G  the  nozzle  wid’n  procucfs  a  decree:  .r, 
loop  delay  to  1  / 1  0  its  former  value. 


The  behavior  of  an  element  depends  on  the  nature  of  t.v  tluw 
within  it.  In  order  to  maintain  similarity  of  benavior,  the  rr. alle:  ele¬ 
ment  should  be  operated  at  the  Reynold's  Ndno-'r  of  its  la:  vr  counter¬ 
part.  This  imposes  a  new  condition,  that  V  >.  V.  remain  constant. 


Recall  that  a  minimum  Reynold's  Numoer  fur  assured  turoulent  pipe  tlow 
is  230G.  Applying  this  criterion  to  element  operation,  the  delay  now  .s 
t>(  A  or  6  0  V.' ^ 


R, 


W 


Re  ^ 


where  only  W,  the  nozzle  w.idth  is  a  ^anaole 


The  power  consumed  oy  elements  operating  in  a  dynamically 
similar  fasnion  can  oe  calculated  as  follows: 

The  power  is  P  x  0,  wnere  P  is  the  dynamic  pressure,  or 
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i  o 

P  =  —  ^  V  ,  and  Q  is  tne  volume  flow  rate,  or  0  -  AV  .  Furtr.er,  the 

area  A  is  related  to  the  nozzle  widtn  oy  A  =  KVm  where  K  is  me  aspect 
ratio . 


Now  , 


P  x  0  = 


-  V  x  AV 

2 


Vj  rl\\2  V3 


At  constant  Reynold's  Number,  Re  = 


V  x  W 


V  = 


w  K< 


W 


and  V  = 


D  3  n  3 


Rf 


W- 


Now  P  x  Q  =  ^  KW2 


C-  A-o 


2  3  R„ 


W3 


=  CRc  •  “  ,  where 

w 


Thus,  the  power  consumed  by  a  group  of  dynamically  similar  ele¬ 
ments  varies  inversely  as  the  nozzle  width.  The  situation  is  illustrated 
in  Figure  4.  This  figure  illustrates  an  inescapable  fact:  tne  pr.ce  of 
speed  is  power. 

Suppose,  now,  that  a  particular  element  configuration  is  made  to 
operate  faster  by  increasing  the  fluid  velocity  only. 

In  this  case 


P  x  0  =  “  ^  KW2  V3 

Here  the  Reynold's  Numoer  is  allowed  to  change.  For  such  an  element, 
the  power/time  delay  relationship  is  illustrated  in  Figure  5.  Here  the 
price  jf  increased  response  is  again  a  considerable  increase  in  power 
consumed . 


392 
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Fl  § .  -5 


V 


i ("c  a oo vc  illustration,  r  »g  .  3  ,  c.  o  .j  ^ .  c  o  v  t  o  w  o(jc^ u ny.i ,  o . .  c* 
q  a c ou Stic  Stgna  1  propogation.  e  t  e m e  n ..  s  o^^rcj».*»*g  av .  l  . ,  c Cul. s ac 

Signals  are  used,  then  the  time  oelay  w.il  oe  . _  ,  where  C  *s 

C  -  V 

tr.e  acoustic  velocity.  For  sue.,  elements,  of  course,  the  velocity  V 
must  be  established  by  other  consicerations  ar.c  cannot  ce  treely  chosen 
Nonetheless,  for  suDsonic  flows,  .mprcv.^time  delays  are  poss.o.e  wit  n 
no  increase  in  pneumatic  power  consumption. 
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The  use  of  other  gases  than  air  can  oe  justifies  if  ueem  as*  d 
viscous  losses,  decreased  inertia,  or  increased  a  oustiC  voloc.iy  are 
made  availaole.  Thus,  the  power  consumption  tor  a  sum  s  of  sea  lea 
models  at  constant  Reynold's  Xumoer  discus  sec  earlier  can  oe  do  - 
creased  considerably,  since  the  power  consumed  m  p-.-nu:  jt;  • 
where  \  is  density,  a  .no  1  is  kinematic  viuCos*ty .  u._lay 

with  decreased  is  increased,  nut  only  as  t n <_  tirst  p gi  ■  .  ,  t n a t  a 
net  advantage  is  acmeved.  Tnt.  cynamic  pressure  P  is  pr^po.  tior.a  1  to 
density  ^  so  tr.ot  a  less  danse  gas  will  allow  ni  jher  v».i  .'..us  at 
the  same  pressure,  leading  to  higher  operating  speed  witn  me:  modest 
increases  in  pow^ir  levels.  Thus,  low  v*scosity  and  density  are  very 
helpful.  Finally,  hy  using  gases  which  support  a  higher  oCul.p.c 
velocity,  the  power  losses  involved  in  supersonic  flow  am  uVu.ued 
until  higher  speeds  are  reacned,  again  leaning  to  improved  ettdc.encies 
at  higner  speeas.  One  corollary  of  such  thinning  is  that  tr.e  uu.de  gas 
at  lower  static  pressure  leads  to  improved  performance. 

Speed  Criteria: 

From  the  preceding  discussions,  we  can  see  the  var.  js  data 
handling  speed  criteria  . 

1.  Element  switching  ana  returning  time  or  output  signal  m.  •  and 
fall  time^respectivoly  (including  signal  qualities ,  such  as 
noise  ,  j  itter ,  etc  . ) . 

2.  Element  signal  propagation  delay  time. 

3.  Circuit  signal  propagation  delay  time. 

4.  Effects  of  feedoacN  loops  (including  feeooacn  in  time). 

For  obvious  reasons,  elements  will  not  pass  data  fee  to  tr.em  faster 
than  switching  and  returning  times  will  permit,  since  sw. tolling  und  re¬ 
turning  will  not  occur  or  occur  only  incomplete  ly  (lowered  gain). 

Element  signal  propagation  delay  times  determine  the  maximum 
rate  at  which  signals  may  be  fed  oacrt,  since  a  loop  may  not  acce;  .  a 
new  signal  until  the  original  one  has  propagated  completely  around  tne 
loop . 
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Circuits  or.  i  complete  .  y  t.  r;_  -  .  . 

a  no  loop  s  w' ;  t  r.  1  r.  .  vps  ,  ario  c.rc-.t  ;  : «uj  ;  . m. 
c o rii p  u  t e  c  t  ro m  t  r. o  u e  i  a  y  t .  i , . e  o  t . . ;  ^  ■  ,  t , ,  ■  ,  .  ;  w  . 

opcrdttc  in  l'Csog  loup  .Tio,,r.t'r,  ■  '  <  : ; .  .  ;  r.u .  ;  ;  * .  .  .  .y 

ti.T.c  (ir.  formal  ,ur,  -t  roc*  -  -  .ng  •«...>  .... 

ndflGiifl^  TdiO  G»  ii.t.  '  j  V  _j  c  c  rTi  t  i  j  t  ,  _  .  I  d  j  .  [  .  cj  «...  « .  .  « 

element  s  a  no  teeuracM  teop  s  . 

t\  s  .  nr  p  1  e  i  v.u.Ty  1 '  .  1 1 1  c  1  a  i  i !  y  .  ■  t  u '  ’  .  .  .  . . 

I  .gure  IB,  a  fl.p-ilop  n.oy  m  may  nut  .  •  on  .....  ... 

I I  c  u  1  a  r  input,  c  i  ,  <‘nui  ng  c  n  t  r. «.  i  t  a  t  >  ■  ;  .  t  . '  m.  t .  .  .  . 

is  fed  oaef.  to  ir.n.uit  a  jot-  t  .....  .  ..  .  "...  - 

signal  must  r.uVe  ;  a  s  s  <  -c  t:iru»  t  r,t  ;  u  t  •  • ,  ....  - : . .  :  ..  _ 

loop  and  into  the  ,  a  t  e  a  jam  .  •  •  t  ^ r «  '  >.  t  .  ■  ■ .  ^ .  .  . .  .  . .  • 

at  the  gate  . nput.  *  r.er •  wr  c  m;  .  ■  .  ,  ;•  .  j y  .  ;.  — 

mu m  time  j  «.  r l act  ..t  t w *.•<.- : .  ..  c •  »v <  .  ;  u  u  .  ■  _  »  .  .  .  . .  .  u : . 

example  ot  a  teednecr.  wn.cn  could  .  «  a.F  .  ..  ...  .  w ; . ;  .. 

has  exactly  t  n  e  s  a  m  t  effect.  .  t  » s  t  .* .  •  ,  .  .  ■  .  •  . 

parallel  a  cue*  circuit.  A  correct  output  s.jr.  u.  (...  t ..  .  <  ,  .  _ me) 

is  not  availaole  until  the  lowest  si  jn.i.car.c-  a..  :  ;  no.  :  :  t: 

output  signals,  has  fed  Dace  any  CABBY  to  tr.e  next  .n.  ; cance 
adder,  and  so  on,  unt.l  all  CABBY  ...jr.ols  n  vi  ...  -  p;  «.  ..  r.n-  n  - 
f ore  ,  this  feedoacK  i c r  each  . n c . v i u u a  1  Oi/iiBk'i  .  s  e c e .  v c  i e  : .  t  _  j  *  lUi^Cft 
to  the  input  of  the  adder,  and  the  operate  n  is  performed  -•  :.o..y.  As  a 
result,  the  total  propagation  delay  time  is  tr.e  sum  of  all  loop  ue.oys  one 
no  new  signal  should  oe  acceptea  until  correct  output  (sutn)  oecun.es 
available  after  this  aelay  time. 


Boundaries : 

Extreme  ooundanes  may  oe  placec  upon  Pure  I'luic  digital  data 
handlin;  speeds  oasea  or.  t.ne  ciscussec  criteria  . 

We  are  pos’ulating  an  m. cj  jinary  nmiaturizec  circu.t  element, 
comprising  a  single  leedoacs  \  ath  of  len  jt.n  0 .  1  me  he  ana  a  si  ;nal 
path  length  through  this  element  of  (  .  u33  incr.es  .  Fortner,  let  us 
assume  that  s’gnals  propagate  at  the  spec:  cf  sou  no  m  a.r  (13.3  inches 
per  millisecond)  throe  oh  out  the  comp  lew  loop  of  a  total  ler.gtr.  of  u.  i  33 
inches  (=  circular  loop  of  0.0^3"  cia.).  Inis  v;qu1c  remit  ;r.  a  total  Gem. 
time  ct  10  microseconds  .  For  a  clarification ,  iet  us  assume  that  tr.e  feed¬ 
back  loop  is  the  internal  foedDack  (oouncary  layer  effect)  of  a  fli;  -flop 
which  ensures  bistable  operations  (see  Fig.  6). 
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*  U/ 


INTERNAL 
f  LFDBACK 


t  lg  .  6 


The  tutui  a<  my  ’• . m t 

ITUCIOSt'Cu.’.C.)  n.e’a.'.i  '.flat  a  Pi 
1  n  (  J  i  ^  li  1  S  i  ’  Ii  ■  u  j  i  a1  a  .  1 1  a  S  t 
1  ij  [n/jroS'1  .iii:  » i : <  !  > 

assure  ./i.e.,..  . .  .t /.  i’^rtr.er- 
riiufe  ,  ;  in . t  <  .  , .  .  : .  t 

iino  tail  t  .r:.i  .  a *  ’a  u  e 

ConsiclereC.  ;’a  .  sr.ec 

eoiiier,  t  h  :,i  '  .  r: ,  c  u>u  i 1 1 
be  of  the  rr.a  :  .  .  :  : ;.i_ 

switching  a  .a  .  ,  one 

wo  will  oss^rm  .  ...  to 

increase  tne  wn.o..  ;  w  1 
width  (3  0  u  a .  to  a 
minimum  ot  a  m.c.  ecor.us  , 


This  means  that  discrete  intcrnat ion  oils  cannot  be  proce  •:u  ta  .ter  tr.an 
one  per  20  microseconds  or  at  a  maximum  rate  of  ^0,000  nits  p».r  seconc 
via  such  an  imaginary  element. 

Let  us  now  take  a  look  at  the  next  significant  circu.t  component. 
Typical  suocircuits,  as  shown  for  example  in  Figures  IB  or  iC,  con¬ 
taining  a  simple  external  feedoack  loop  over  one  or  two  elements, 
drastically  decrease  the  accepiaole  on  rate.  For  example,  the  single 
input  flip-flop  circuit  with  three  elements  (Fig.  IB)  accepts  or.  ..nput 
pulse  of  20  microseconds  width  at  one  of  its  gates.  After  or.  assumed 
10  microseconds  (element  propagation  delay),  this  signal  appears  at 
the  gate  output.  From  there  it  has  to  ue  propagated  through  a  cnanne. 
to  the  flip-flop  input.  The  flip-flop  again  causes  a  10-microsecond 
delay  oe fore  the  signal  apnears  a'  its  output.  From  there,  it  is  fed  Ccoe 
to  the  ga'e  input  through  a  cnannel.  If  we  again  assume  a  suo-mime  iure 
construction  with  both  connecting  channels  (feeaoacK  loop)  of  0.133 
inches  long  each,  or  a  total  of  .266  inches,  we  obta.n  a  Cclcy  i.me  o: 
20  microseconds  plus  another  20  microseconds  through  tne  two  elements. 
Obviously,  this  subcircuit  may  not  accept  the  next  signal  until  the  first 
2 0-microsecond  pulse  nas  been  processed  (passed  wholly  arounci  the 
loop),  which  takes  a  total  of  40  microseconds.  Therefore,  such  a  cir¬ 
cuit  must  be  fed  with  pulses  of  a  minimum  of  20  microsecona  wictn, 
and  it  will  not  accept  such  signals  faster  than  at  40  microsecona 
intervals,  or  at  rates  of  25,000  oils  per  second. 

Figure  1A  shows  a  typical  data  processing  circuit,  a  parallel 
adder,  where  each  block  can  represent  for  the  simplest  case  a  oinary 
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:  .  .0 


■  i  i :  . : .  • ; . 


' THKEL  INPUT  ADDL'\,  ’  c-  Vo .  r. i  :  .. 

s*.  rit-s  :o  p«_-r  :or .ts  dr.  .  ...  U  : 

a color  •.  ,  of.  a  speed  at  ..  (. u.r;  , 

socor.cs  ao lay  tr.rou  uv.cn  a  c..  I 

ovo.ici:  it  ait  vi  :..s  i ui  . u ;  d  . 

(  .  h  i n c r. >  j  ,  t  r. .  C .  .  ; ; . o  »  : •  . . < 

iOr  e*  : . e t  r.  *  j . .  c  r  s  .j  ’ . . ! . c .. : .  u .  j . .  . 

elaJjl.i'S  tor  t  t'i  G  paSro  j  i-  G 1  a  t\ :\ x  [  ■  jl  a 
rriu  Itiplird  oy  :ne  num.;<  r  c:  ^.r.ary  u. 
opcrat.on  of  .’ . . s  c«rc..»t.  *  t  w i ■  c s  u •  .  r,  a  .  :  ;  ■  ■  t 

wo  can  Soy  that  tne  dial  i » rr . -  t  _<!  - ; .t  r, u  .t  ■  •  • .  a ...  . 

c  <  r  c  u  1 1  .  o  ue  c  O »’ .  <  P  1 1  ’  t .  c  .  . .  u  e  *  ^  a  r i . . <.  r  ^  l\  L-i.  r;  l  ^ 

This  moans  tnat  only  utter  t.n.s  ...  /.  .1.  : .  i 
puts,  and  a  no  w  p  a  r  a . .  e  l  *  n  p  u  t  d  o  r.  u  m . .  <  •  r  u  . ..  ■  ■,  t  r.^t  ;  >  ! 

until  t h o  last  i  r.c :  .  .  v  v  n  y  ,  . 1  u.  ^ "  . .  .  t  ;  i  . 

soconcs  ,  giving  o  nr.r.  .rr.u.r.  ...  ' , 
m illisoeonas  .  i n . s  * s  cCu.v u n'r..  to  a  rr . o . m u . i  p * u o  .... 
Humours  or  parallel  cits  per  se'ccno  (  r  '.no’,  mo.ny  o  i  u n 


A  complete  cig.tal  data  hunuim  g  .  y  '■  m  :\.r  .  vcr.  .;  1  ' 

entails  a  cons  lcerade  nu.T.oer  :  circuit  :  :  i a*  r  :  r. 

doove,  whore  o.i  interconnections  cannot  -e  a..  .  r.ort  t  •  . 

given,  and  where  feoanac*  signals  octw.  ,-n  c.rcoit  an:  ...  :. 

result  in  still  lar., *  r  delay  loops.  Tui tr.i.rmuu ■,  uC  :•  .  .\\  ■;  n 
input  data  often  aeponc  on  the  results  o;  tr.o  prcO'cnn-g  prec-  1  -  utput 

data,  such  that  the  complete  system  terms  a  te«.  d.-ucx  lo>  ;  '  '  .  r 

with  external  components.  T.nus,  one  m.ght  con  ide:  c  s.n.e  .1  ..  y..e'.  r.e  '. 
cal  system  of,  for  example,  ten  SL~circu.ts  in  sen.  (c.ou.u  d:  o  ...•  on 
repetitive  circuit  processes)  wit.n  cat  a  na  r.c  * .  ng  rates  os  ;.v>  ..  o.  ,ve  , 
and  consiaer  it  a  closec  loop  contain:.',  g  c.n  external  com.uon.  ...  .ay 
the  oraer  of  the  system  aelay.  Such  a  system  could  r.cr.uie  d-d  at 
maximum  rates  of  approximately  33  .nput  si  gna  Is  ;  or  secor.a  (auto  ;.  re¬ 
cessing  time  of  30  millisecond..). 

Considering  that  a  ratio  el  one  to  a  rn.  .1.  n  ex.sts  oetwe  r. 
signal  propagation  velocit.es  .n  a.r  ana  el.  ctricol  s.gnal  propagu  .on 
velocities  in  conductors,  r  code  oe  p  ...tv  g  o..t  tr.at  a  1  r.t  a..  :.t.^:. 
time  in  a  fluid  circuit  of  1.  milliscconcs  m.i  ;;rt  re  andujous  a  .3 
bit  addition  time  of  1  .  5  nanoseconds  i:  an  e**  ctrcr..c  circuit,  wr.icr.  .s 
not  exactly  current  practice  yet.  Current  electronic  computati  r.  t.mes 
for  addition  are  at  least  three  to  tour  orders  of  magnitude  longer  tr.an 
tms . 
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